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Symbols,  Abbreviations  and  Acronyms 


ACRV 

ACS 

AFE 

A&I 

A1 

ALARA 

ALS 

ALSPE 

am 

AR 

ARGPER 

ARS 

art-g 

asc 

ASE 

AU 


Advanced  crew  recovery  vehicle 
Attitude  control  system 
Aerobrake  Flight  Experiment 
Attachment  and  integration 
Aluminum 

As  low  as  reasonably  achievable 
Advanced  Launch  System 
Anomalously  large  solar  proton  event 
Atomic  mass  (unit) 

Area  ratio 

Argument  of  perigee 
Atmospheric  revitalization  system 
Artificial  gravity 
Ascent 

Advanced  space  engine 
Astronomical  Unit  (=149.6  million  km) 


BIT  Built-in  test 

BITE  Built-in  test  equipment 

BLAP  Boundary  Layer  Analysis  Program 

BFO  Blood-forming  organs 

BMR  Body  mounted  radiator 


C 

CAB 

CAD/CAM 

CAP 

Cd 

CELSS 

CHC 

CG 

CL 

cm 

c/m 

CM 

c/o 

CofF 

conj 

COSPAR 

C02 

Cryo 

C3 

C&T 

CTV 


Degrees  Celsius 
Cryogenic/aerobrake 

Compter-aided  design/computer-aided  manufacturing 
Cryogenic  all-propulsive 
Drag  coefficient 

Closed  Environmental  Life  Support  System 

Crew  health  care 

Center  of  gravity 

Lift  coefficient 

Centimeter  = 0.01  meter 

Crew  module 

Center  of  mass 

Check  out 

Cost  of  facilities 

Conjunction  , . 

on  Space  Research  of  the  International  Council  of  Scientific 

Unions 

Carbon  dioxide 
Cryogenic 

Hyperbolic  excess  velocity  squared  (in  km2/s2) 

Communications  and  Telemetry 

Cargo  Transport  Vehicle  (operates  in  Earth  orbit) 


d days 

DDT&E  Design,  development,  testing,  and  evaluation 

DE  Dose  equivalent 

deg  Degrees 

desc  Descent 


D615- 10026-3 
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DMS  Data  management  system 

dV  Velocity  change  (AV) 


EA  Earth  arrival 

E air  Earth  arrival 

Ec  Modulus  of  elasticity  in  compression 

ECCV  Earth  crew  capture  vehicle 

ECWS  Element  control  work  station 

ECLSS  Environment  control  and  life  support  system 

EP  Electric  propulsion 

ESA  European  Space  Agency 

e.s.o.  Engine  start  opportunity 

ET  External  Tank 

ETO  Earth-to-orbit 

EVA  Extra-vehicular  activity 


Fc 

FD&D 

Few 

FEL 

Ff 

Ffa 

Fi 

Fi 

Fn 

Fo 

p 

g 

5* 

Ers 

FSE 

Fs 

Fss 

Fu 

Fv 

FY88 


g 

GCNR 

GCR 

GEO 

GN2 

GN&C 

GPS 

Gy 


Circulation  efficiency  factor 
Fire  Detection  and  Differentiation 
Life  support  weight  factor 
First  element  launch 
Specific  floor  count  factor 
Specific  floor  area  factor 
Aerobrake  integration  factor 
Specific  length  factor 
Normalized  spatial  unit  count  factor 
Path  options  factor 
Useful  perimeter  factor 
Parts  count  factor 
Proximity  convenience  factor 
Plan  aspect  ratio  factor 
Section  aspect  ratio  factor 
Flight  support  equipment 
Vault  factor 
Safe-haven  split  factor 
Spatial  unit  number  factor 

F^cSYw^88^0ctober  1, 1987  to  September  30,  1988.  Similarly  for 
other  years) 

Acceleration  in  Earth  gravities  (=acceleration/9.80665m/s2) 

Gas  core  nuclear  rocket 
Galactic  cosmic  rays 
Geosynchronous  Earth  Orbit 
Gaseous  nitrogen 
Guidance,  navigation,  and  control 
Global  Positioning  System 

Gray  (SI  unit  of  absorbed  radiation  energy  = 104  erg/gm) 


hab 

HD 

HEI 

HLLV 

hrs 


abitation 
igh  Density 

uman  Exploration  Initiative  (obsolete  for  SE1) 
eavy  lift  launch  vehicle 


Hours 
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hyg  w Hygeine  water 

HZE  High  atomic  number  and  energy  particle 

H2  Hydrogen 

H2O  Water 

ICRP  International  Commission  on  Radiation  Protection 

IMLEO  Initial  mass  in  low  Earth  orbit 

in.  Inches 

inb  Inbound 

IP&ED  Implementation  Plan  and  Element  Description 

IR&D  Independant  research  and  development 

Isp  Specific  impulse  (=thrust/mass  flow  rate) 

ISRU  In-situ  resource  utilization 


JEM 

JSC 

k 

keV 

kg 

klb 

klbf 

km 

KM 

KM/Sec 

KM/SEC 

ksi 

LCC 

UD 

LD 

LDM 

LEO 

LET 

LEV 

LEVCM 

Level  II 

LH2 

LiOH 

LLO 

LM 

LOR 

LOX 

LS 

LTV 

LTVCM 

L2 


m 

[MarsGram 

[MARSIN 

MASE 

MAV 


Japan  Experiment  Module  (of  SSF) 

Johnson  Space  Center 

klb 

Thousand  electron  volt 
Kilograms 

Kilopounds  (thousands  of  pounds.  Conversion  to  SI  units=4448  N/klb) 

Kilopound  force 

Kilometers 

Kilometers 

Kilometers  per  second 
Kilometers  per  second 
Kilopounds  per  square  inch 

Life  cycle  cost 

Lift-to-drag  ratio 

Low  density 

Long  duration  mission 

Low  Earth  orbit 

Linear  energy  transfer 

Lunar  excursion  vehicle 

Lunar  excursion  vehicle  crew  module 

Space  Exploration  Initiative  project  office,  Johnson  Space  Center 

Liquid  hydrogen 

Lithium  hydroxide 

Low  Lunar  orbit 

Lunar  Module 

Lunar  orbit  rendezvous 

Liquid  oxygen 

Lunar  surface 

Lunar  transfer  vehicle 

Lunar  transfer  vehicle  crew  module 

Lagrange  point  2.  A point  behind  the  Moon  as  seen  from  the  Earth  which 
has  the  same  orbital  period  as  the  moon. 

Meters 

Western  Union  interplanetary  telegram] 

Martian  pornography] 

Mission  analysis  and  systems  engineering  (same  as  Level  u q.v.) 

Mars  ascent  vehicle 
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M/CdA 

MCRV 

me 

MEOP 

MeV 

MEV 

MU 

mm 

MMH 

MMV 

MOC 

MOI 

mod 

M&P 

MPS 

MR 

m/sec 

MSFC 

Msi 

mt 

mT 

MTBF 

MTV 

MWe 

m3 


Ballistic  coefficient  (mass  / drag  coefficient  times  area) 
Modified  crew  recovery  vehicle 
Mass  of  electron 

Maximum  expected  operating  pressure 
Million  electron  volt 
Mars  excursion  vehicle 
Multi-layer  insulation 
Millimeter  (=0.001  meter) 

Monomethylhydrazine 

Manned  Mars  vehicle 
Mars  orbit  capture 
Mars  orbit  insertion 
Module 

Materials  and  processes 

Main  propulsion  system 

Mixture  ratio 

Meters  per  second 

Marshall  Space  Flight  Center 

Million  pounds  per  square  inch 

Metric  tons  (thousands  of  kilograms) 

Metric  tons 

Mean  time  between  failures 
Mars  transfer  vehicle 
Megawatts  electric 
Cubic  Meters 


N 

n/a 

NASA 

NCRP 

NEP 

NERVA 

NTP 

NSO 

NTR 

N2Q4 


Jewton.  Kilogram-meters  per  second  squared 

■Jot  applicable  , . . 

National  Aeronautics  and  Space  Administration 
National  Council  on  Radiation  Protection 
Nuclear-electric  propulsion 
Nuclear  engine  for  rocket  vehicle  appheanon 
JiiHmt  thermal  nrooulsion  ( same  as  NTR) 


Nuclear  safe  orbit 
Nuclear  thermal  rocket 
Nitrogen  tetroxide 


SSt  8^S^Sb%plidt  Simulation  propam 

outb  Outbound 

Q2  Oxygen 


PBR 

Pc 

PEEK 

PEGA 

P/L 

POTV 

pot  w 

PPU 

prop 

psi 

PV 


Particle  bed  reactor 
Chamber  pressure 
Polyether-ether  ketone 
Powered  Earth  gravity  assist 
Payload 

Personnel  orbital  transfer  vehicle 


Potable  water 

Power  processing  unit 

Propellant 

Pounds  per  square  inch 
Photovoltaic 


% 
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Q Heat  flux  (Joules  per  square  centimeter) 

Q Radiation  quality  factor 

RAAN  Right  ascension  of  ascending  node 

RCS  Reaction  control  system 

Re  Reynolds  number 

RF  Radio  frequency 

RMLEO  Resupply  mass  in  low  Earth  orbit 

ROI  Return  on  investment 

RPM  Revolutions  per  minute 

RWA  Relative  wind  angle 

R&D  Research  and  Development 

Rendezvous  and  dock 


SAA  South  Atlantic  Anomaly 

SAIC  Science  Applications  International  Corporation 

SEI  Space  Exploration  Initiative 

SEP  Solar-electric  propulsion 

SI  International  system  of  units  (metric  system) 

SiC  Silicon  carbide 

SMA  Semimajor  axis 

sol  Solar  day  (24.6  hours  for  Mars) 

SPE  Soalr  proton  events 

SRB  Solid  Rocket  Booster 

SSF  Space  Station  Freedom 

SSME  Space  Shuttle  Main  Engine 

STCAEM  Space  Transfer  Concepts  and  Analysis  for  Exploration  Missions 
stg  Stage 

surf  Surface 

Sv  Sievicrt  (SI  unit  of  dose  equivalent  = Gy  x Q) 

5 1 Distance  along  aerobrake  surface  forward  of  the  stagnation  point 

52  Distance  along  aerobrake  surface  aft  of  the  stagnation  point 

53  Distance  along  aerobrake  surface  starboard  of  the  stagnation  point 


t.  Metric  tons  (1000kg) 

TBD  To  be  determined 

Tc  Chamber  temperature 

TCS  Thermal  control  system 

TEI  Trans-Earth  injection 

TEIS  Trans-Earth  injection  stage 

t.f.  Tank  weight  factor 

THC  Temperature  and  humidity  control 

TMI  Trans-Mars  injection 

TMIS  Trans-Mars  injection  stage 

TPS  Thermal  protection  system 

TT&C  Tracking,  telemetry,  and  control 

T/W  Thrust  to  weight  ratio 

UN-W/25Re  Uranium  nitride  - Tungsten/25%  Rhenium  reactor  fuel 


VAB  Vehicle  Assembly  Building 

VCS  Vapor  coolled  shield 

Vinf  Velocity  at  infinity 
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WBe2C/B4C  Tungsten  beryllium  cabide/Boron  cabide  composite 

WMS  Waste  management  system 

W/O  Without 

WP-01  Work  package  1 (of  SSF) 

w/sq  cm  Watts  per  square  centimeter  (should  be  Wcm*^) 

Z Atomic  number 

zero  g An  unaccelerated  frame  of  reference,  free-fall 

[order  numbers  followed  by  greek  letters] 

100K  <100,000  particles  per  cubic  meter  larger  than  0.5  micron  in  diameter 

Ini  Where  n=( 0,2-6):  Boeing  Company  jet  transport  model  numbers 

°k  Kelvin  (K) 

+e  Positive  charge  equal  to  charge  on  electron 

-e  Charge  on  electron 

AV  Change  in  velocity 

s Standard  deviation 

jig  Microgravity  ( also  called  zero-gravity) 
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I.  Evolution  of  Concept 
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evolution  of  the  nuclear  thermal  ROCKET  (NTR)  vehicle 

TECHNICAL  ARCHITECTURE  PRESUMED  LEVEL  I REQUIREMENTS  - 
During  the  course  of  the  STCAEM  study,  and  particularly  during  the  90  Day  Study,  many  SEI 

(then  HEI)  transportation  requirements  were  generated  by  Office  of  Exploration  Level  E.  These 

are  reported  as  appropriate  and  necessary  in  various  sections  of  this  report,  as  well  as  in  the 
STCAEM  Implementation  Plan  & Element  Description  Document  technical  volumes.  Here,  space 
only  permits  a summary  discussion  of  the  Level  I requirements  adopted  by  STCAEM  as  they 
evolved  during  the  course  of  the  study.  The  concepts  developed  and  analyzed  ultimately  were  to 
accommodate  the  in-space  transportation  functions  required  to  support  the  buildup  of  a permanent 
presence  on  the  Moon  and  initial  human  exploration  of  Mars.  Thus,  our  Level  I requirement  was 
simply  to  deliver  cargo  reliably  to  the  surfaces  of  the  Moon  and  Mars,  and  to  get 
people  to  those  places  and  back  safely.  Vehicles  in  support  of  missions  to  other 
destinations  are  not  part  of  SEI  per  se,  and  were  not  addressed  by  STCAEM.  Planet  surface 
system  characteristics  and  Earth-to-orbit  (ETO)  launch  vehicle  characteristics  were  adopted  as 
needed  for  manifesting  purposes,  largely  intact  from  other  sources.  No  design  work  was 
performed  for  these  two  categories.  In  addition,  the  mission  planning  horizon  was  limited  to  the 
year  2025,  about  35  years  from  now. 

The  chief  Level  E requirement  governing  the  dimensions  of  the  vehicle  concepts  we 
developed  came  to  us  during  the  90  Day  Study,  and  was  a crew  size  of  4 for  Mars  missions. 
Subsequently,  STCAEM  performed  a simple  skill  mix  analysis  or  these  long-duration  missions. 
Our  result  was  that  doubling  up  on  critical  skills  (for  redundancy),  given  reasonable  expectations 
of  how  many  skills  each  crew  member  could  become  expert  in,  requires  in  fact  a minimum  of  6 - 
7 crew  members  for  Mars  missions.  For  the  sake  of  consistency,  our  vehicle  concepts  are 
shown  comparable  to  the  90  Day  Study  results,  sized  for  four  crew.  Impacts  accruing  from 
larger  crew  sizes  are  discussed  in  Section  x.3. 


CONCEPT  DEVELOPMENT  METHODOLOGY  - A vehicle  concept  emerges  gradually 
through  the  iterative  combination  of  requirements  analysis,  subsystems  analysis,  mass  synthesis, 
performance  analysis  and  configuration  design.  Because  of  the  cascading,  cause-and-effect  nature 
of  specific  technical  decisions  in  this  cyclic  process,  the  ability  for  a particular  concept  to  remain 
fully  parametric  is  incrementally  lost,  sacrificed  for  depth  of  detailing.  The  need  to  penetrate 
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deeply  even  at  the  conceptual  stage  is  twofold:  (1)  to  uncover  subde  integration  interactions 
whose  ramifications  fundamentally  revise  the  concept  as  they  reflect  back  up  the  information 
hierarchy;  and  (2)  to  enable  the  production  of  graphical  images  of  the  concepts  capable  of  being 
communicated  widely  but  grounded  firmly  in  engineering  detail.  If  circumstances  allow  the 
concept  development  process  to  engage  many  cycles  of  reflexive  adjustment,  from  requirements  all 
the  way  down  through  subsystem  detailing,  the  design  oscillations  subside  eventually  and  the 
product  that  emerges  is  a robust  and  defensible  concept  Basic  differences  in  problems  posed  and 
solutions  engineered  lead  concept  developments  in  different  directions.  "Like"  problems  and 
solutions  gravitate  together,  their  recombination  and  resolution  results  in  distinct,  identifiable 
vehicle  concepts  which  constitute  vehicle  archetypes.  A concept  is  archetypal  if  it  spawns  concept 
progeny  whose  ancestry  is  clear,  and  if  in  so  doing  its  salient  features  recognizably  survive 
subsequent  refinement,  development  and  scaling.  The  ultimate  purpose  of  the  STCAEM  Concepts 
and  Evolution  tasks  was  to  generate,  analyze,  evaluate  and  describe  such  vehicle  archetypes,  and 
the  role  they  could  play  in  human  space  exploration  missions. 

The  STCAEM  architecture  analysis  identified  seven  major  classes  of  transportation 
architecture  for  SEI  lunar  and  Mars  missions.  Some  are  derived  from  different  propulsion 
technology  candidates;  some  are  derived  from  distinct  mission  philosophies  independent  of 
propulsion  method;  most  have  many  sub-options.  Vehicle  archetypes  arc  keyed  more  closely  to 
propulsion  method  than  to  mission  mode,  however,  so  we  found  that  all  seven  SEI  transportation 
architectures  can  be  accomplished  by  derivative  combinations  of  just  five  archetypal  Mars  transfer 
vehicle  (MTV)  concepts,  two  archetypal  Mars  excursion  vehicle  (MEV)  concepts,  and  one 
archetypal  lunar  transportation  family  (LTF)  concept.  The  concept  evolution  of  these  archetypes  is 
outlined  in  the  Major  Trades  IP&ED  book.  • 

DESIGN  AND  NECKDOWN  CRITERIA  - STCAEM  concept  development  was  punctuated 
by  four  "neckdowns",  which  winnowed  down  the  option  candidates  generated  at  each  successive 
level  of  detail  throughout  the  study.  The  four  neckdowns  were  intended  to  result  in:  (1)  feasible 
options,  based  on  promising  propulsion  technologies  capable  of  performing  SEI-class  missions; 
(2)  preferred  options,  representing  the  handful  of  candidates  whose  performance  and 
technological  readiness  were  judged  to  warrant  detailed  study;  (3)  integrated  concepts,  vehicle 
archetypes  developed  sufficiently  to  uncover  their  major  integration  concerns  and  architectural 
context ; and  (4)  detailed  concepts,  based  on  the  reconciled  integration  of  traded  subsystems. 
The  90  Day  Study  occurred  such  that  the  first  two  neckdowns  were  effectively  reversed; 
cryogenically  propelled,  aerobraking  technology  was  necessarily  preferred  at  that  time,  due  to 
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depth  of  understanding  However,  STCAEM  later  rounded  out  the  picture  by  completing  all  four 
neckdown  activities,  in  an  ongoing  manner  throughout  the  study. 

Studying  the  program  architecture  implications  of  various  technology  options  for  SEI 
missions  led  to  the  conclusion  that  the  most  generally  accessible  discriminators,  cost  and  risk,  are 
driven  by  more  subtle  technical  discriminators  than,  for  instance,  initial  mass  in  low  Earth  orbit 
(IMLEO).  These  can  be  grouped  into  three  broad  categories:  feasibility,  flexibility,  and  multi-use 
design.  As  indicated  above,  feasibility  was  the  first  filter  for  all  concepts  considered  by  STCAEM. 
Flexibility  has  three  components:  (1)  robustness,  which  is  the  ability  to  perform  nominally 
despite  variable  or  unanticipated  conditions;  (2)  resiliency,  which  is  the  ability  to  recover  from 
accidental  delays  or  mishaps;  and  (3)  evolution,  which  is  an  adaptation  over  time  to  changing 
requirements.  Flexibility  is  thus  a measure  of  a program's  technical  strength  and  safety  in  the  face 
of  variable  extrinsic  factors.  Multi-use  design  has  two  components:  (1)  re -usability,  which 
means  using  the  same  hardware  item  more  than  once;  and  (2)  commonality,  which  means  using 
the  same  hardware  design  in  more  than  one  setting.  Multi-use  design  is  thus  a measure  of  a 
program's  cost-effectiveness  and  intrinsic  longevity.  These  two  key  architecture  drivers  were 
paramount  in  interpreting  the  results  of  STCAEM's  technical  trade  studies,  and  figured 
prominently  in  the  development  of  element  concepts. 

MARS  TRANSPORTATION  - Four  Mars  transfer  propulsion  candidates  survived  all 
STCAEM  neckdowns:  cryogenic  chemical,  nuclear  thermal,  nuclear  electric,  and  solar  electric. 
Analysis  of  aerobraking  resulted  in  two  performance  ranges  of  interest  for  Mars  entry  (hypersonic 
L/D  = 0.5,  and  L/D  = 1.0),  as  well  as  the  use  of  high-energy  aerobraking  (HEAB)  for  capture  at 
Mars.  Consequently,  the  five  archetypal  MTV  concepts  are  based  respectively  on: 
cryogenic/aerobraking  (CAB),  cryogenic  all-propulsive  (CAP),  nuclear  thermal  rocket  (NTR), 
nuclear  electric  (NET),  and  solar  electric  (SEP)  propulsion  technologies.  The  two  archetypal  MEV 
concepts  are  based  on  the  "low"  and  "high"  L/D  performance  ranges  analyzed. 


NTR  - Nuclear  thermal  propulsion  had  a long,  successful  development  history  in  support  of  post- 
Apollo  human  space  exploration , and  still  occupies  a uniquely  validated  position  as  a candidate  for 
advanced  propulsion  for  SEI  Mars  missions.  Consequendy  it  was  the  first  advanced  propulsion 
option  investigated  in  depth  as  a consequence  of  the  90  Day  Study.  Much  of  the  NTR  technology 
discussion  centers  on  sophistication,  ranging  from  resurrections  of  the  original  NERVA  design, 
through  upgrading  that  with  modem  materials,  through  new  particle-bed  designs  with  enhanced 
Isp,  to  liquid-core  and  gas-core  rockets.  However,  this  wide  range  of  alternatives  is  satisfied  by 
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one  NTR  archetype;  to  first  order,  only  the  amount  of  liquid  hydrogen  propellant  varies  among 
them.  The  overall  vehicle  configuration,  requirement  for  shadow  shielding  of  the  payload  from 
neutron  scattering,  long-term  storage  of  LH2,  and  solutions  for  providing  artificial  gravity,  all 
remain  constant.  The  NTR  archetype  has  existed  since  the  NERVA  days;  our  work  has  validated  it 
and  provided  analysis  of  four  particular  enhancements:  (1)  the  use  of  a fruss  spine  instead  of  a 
large,  structural,  axial  tank  to  reduce  inert  mass;  (2)  the  configuration  detailing  associated  with 
providing  dual  engines  for  engine-out  reliability;  (3)  using  a single  NTR  vehicle  to  deliver  multiple 
landers  to  Mars;  and  (4)  trass-spine  elongation  and  careful  positioning  of  large  drop-tanks  around 
the  mass  center  to  accommodate  artificial  gravity  during  all  coast  phases  via  end-over-end 
spinning. 

ARTIFICIAL  GRAVITY  (NTR)  - The  need  for  artificial  gravity  on  long-duration 
interplanetary  transfers  has  not  been  established.  Neither  has  the  lack  of  such  a need,  however,  so 
STCAEM  was  obligated  to  examine  the  penalties  incurred  by  requiring  continuous  artificial  gravity 
en  route  between  Earth  and  Mars.  Various  approaches  to  rotating  artificial  gravity  have  been 
proposed;  STCAEM  assessed  all  of  them,  and  invented  some  new  ones.  The  fundamental  design 
problems  associated  with  artificial  gravity  derive  from:  (1)  the  need  for  a countermass  for  rotation; 
and  (2)  the  high  mass  cost  of  processing  the  angular  momentum  vector  of  a system  having  large 
rotational  energy.  Elegant  solutions  to  both  are  elusive,  and  vary  widely  with  propulsion  option. 
Secondary  complications  are  communications  and  navigation  pointing,  flight  structures  sized  to 
hang  heavy  vehicles,  and  possibly  material  fatigue.  The  fundamental  operations  problems 
pscnriatftd  with  artificial  gravity  involve  crew  EVAs  during  rotation,  robotic  maintenance  in  the 
vehicle's  gravity  field,  crew  physiological  and  psychological  responses  to  a rotating  environment, 
performing  minor  course-correction  propulsive  maneuvers  and  testing  the  capability  prior  to 
departure.  Our  work  has  verified  that  artificial  gravity  appears  feasible  for  Mars-class  missions, 
for  all  propulsion  options,  at  fairly  modest  mass  penalties. 

The  CAP  and  NTR  archetypes  accommodate  artificial  gravity  easily.  Both  are  high-thrust 
systems,  so  their  bum  times  are  extremely  short  (minutes  to  hours)  compared  to  coasting  transfer 
fimr  (months).  Critical  propulsion  maneuvers  can  occur  during  nonrotating  periods  of 
microgravity,  at  the  cost  only  of  spinup/spindown  propellant.  In  general,  the  propulsion  system 
remaining  through  the  end  of  the  mission  can  serve  as  countermass  to  the  contiguously  connected 
hahitarinn  systems.  When  separated  by  a lightweight  truss,  they  can  just  spin  end-over-end  during 
coast  phases  to  provide  sufficient  gravity  at  a comfortable  spin  rate  with  acceptable  vestibular 
disturbance  (we  baselined  1 g to  insure  full  conditioning  for  surface  activity  upon  arrival  at  Mars, 
and  4 rpm  maximum  spin  rate,  which  together  lead  to  a 56  m separation  between  the  habitat 
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and  the  center  of  mass).  The  additional  mass  of  the  truss  and  propellant  for  a few  budgeted 
spinup/spindown  cycles  is  of  order  10  % of  IMLEO. 
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Lnw-ITD  Mars  Excursion  Vehicle  (MEV)  - The  MEV  archetype  development  began  during,  and 
was  resolved  just  following,  the  NASA  90  Day  Study.  It  was  originally  conceived  as  a means  of 
delivering  25  t of  undefined  payload  to  the  surface  of  Mars.  However,  the  specification  of  crew 
cab  provisions,  the  analysis  of  vehicle  mass  balance,  and  consequendy  the  configuration  design  of 
the  vehicle  all  depend  on  specifics  of  the  payload  manifest  We  assumed  a 20 1 reference  surface 
module  as  an  integral  part  of  the  MEV.  This  led  to  a "Mars  campsite"  design  intended  to  support  a 
crew  of  four  for  30  - 60  d and  became  or  standard  lander  design.  Chief  departures  from  the 
lunar  campsite  mode  of  operation  were: 

1)  The  MEV  arrives  with  the  crew  already  onboard,  and  so  is  capable  of  a really  self- 
contained  mission. 

2)  The  MEV  also  brings  with  it  an  ascent  vehicle  (MAV)  with  a separate  propulsion  system, 
configured  optimally  for  the  ascent  phase  (or  ascent  after  breakaway  from  the  descent  stage  during 
a descent  abort).  The  crew  cab  for  the  MAV  is  the  operations  bridge  for  the  MEV  during  all  its 

mission  phases. 

3)  The  MEV  is  configured  for  packaging  within  an  L/D  = 0.5  aerobrake.  For  CAB 
missions,  this  brake  captures  the  as-yet  unmanned  MEV  into  Mars  orbit  autonomously , before 
rendezvous  with  the  MTV,  and  is  used  again  for  the  descent.  For  CAP  and  other  types  of 
missions  with  propulsive  Mars  orbit  capture,  this  brake  is  used  only  for  descent.  In  all  design 
cases,  terminal  descent  engines  are  extended  through  ports  in  the  windward  surface  of  the  brake  at 
low  Mach  number,  and  the  brake  is  jettisoned  subsequently,  prior  to  touchdown. 


The  MEV  configuration  was  developed  to  permit  later  removal  and  relocation  of  the  surface 
habitat  module,  with  the  aid  of  surface  construction  equipment  A variant  of  the  MEV,  without 
either  surface  module  or  MAV,  was  analyzed  for  delivery  of  heavy  cargo  on  unmanned  missions. 
A quick  assessment  was  made  of  the  feasibility  of  re-using  an  MEV,  presuming  in  situ  production 
of  oxygen  and  retention  of  the  aerobrake  until  touchdown.  The  outcome  was  positive,  although. 
(1)  additional  brake  hatches  appeared  necessary  for  landing  gear  deployment,  crew  egress,  and 
cargo  offloading;  and  (2)  a lightweight  top-shroud  appeared  advisable  due  to  aerodynamic  drag  on 
ascent,  and  to  permit  the  crew  bridge  to  protrude  beyond  the  presumed  wake-protection  limit  for 
direct  surface  viewing  during  terminal  approach.  Configuration  options  for  a "split-stage"  MEV, 
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in  which  the  same,  or  a portion  of  the  same,  propulsion  system  is  used  for  ascent  as  for  terminal 
descent,  were  also  investigated,  and  shown  to  be  simple  variations  of  the  archetype. 

Our  baseline  aerobrake  assembly  concept  presumed  robotic-mediated  final  assembly  of  pre- 
finished, rigid  aerobrake  segments  at  Freedom.  Packaging  such  segments  efficiently  by  nesting 
them  in  an  ETO  launch  shroud  is  made  challenging  because  of:  (1)  the  aerobrake' s asymmetrical, 
deep-bowl  shape,  in  which  the  maximum  depth  of  a typical  "slice’  is  comparable  to  reasonable 
shroud  diameters;  and  (2)  the  aerobrake' s lip,  required  for  both  aerodynamic  performance  and 
structural  stiffening  around  the  free  brake  edge.  Subsequent  manifesting  analysis,  in  which 
segments  were  configured  according  to  an  initial  rib-and-spar  structure  concept,  indicated  that  two 
ETO  flights  would  be  required  to  launch  a single  aerobrake  in  several  pieces.  Such  extremely 
volume-limited  and  volume-inefficient  manifesting  is  an  unacceptably  poor  use  of  the  expensively 
developed  capability  that  a heavy-lift  ETO  system  represents. 


In  response  to  this  manifesting  problem,  STCAEM  proposed  the  'integral  launch  concept, 
in  which  a fully  assembled,  integrated  aerobrake  is  launched  externally,  mounted  on  the  side  of  the 
launch  vehicle  exactly  analogous  to  current  STS  operations.  The  low-L/D  brake  is  comparable  to 
the  STS  orbitcr  in  linear  dimensions,  and  is  light  enough  to  launch  two  at  once,  with  capacity  to 
spare  for  other,  shrouded  payload  as  well.  Ascent  performance  of  such  a flight  configuration 
requires  study;  the  critical  question  is  whether  ascent  loads  would  size  the  aerobrake  structure  out 
of  the  competitive  mass  range  for  the  mission  itself. 

Our  structural  analysis  indicates  that  since  the  deep  bowl-shaped  aerobrake  loads  like  a 
doubly-curved  shell,  it  may  be  possible  to  construct  an  actual  aeroshcll  without  resorting  to  ribs 
and  spars  or  some  other  articulated  skeletal  structure  system.  The  shell  would  be  made  of  a 
relatively  thin  honeycomb-type  material  system  with  integral  TPS.  However,  lip  buckling  would 
still  require  a stiff  rim,  probably  facilitated  by  a closed-tube-section  structure.  Such  a brake  may  be 
lighter,  and  certainly  simpler,  but  the  thickened  rim  would  still  cause  packaging  problems  due  to 
nesting  interference. 
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Higld  /n  Reusable  M3E  fRMEV,)  " The  RMEV  archC,ype  dev'loPmen' 

occurred  in  response  to  three  drivers: 


(1)  Analysis  so  far  indicates  that  L/D  = 0.5  is  sufficient  at  Mars  for  controlling  an  aero- 
vehicle  at  Mars.  However,  the  existence  of  some  mission  design  studies  in  the  literature  which 

advocate  L/D  >1.5  for  Mars,  combined  with  our  preliminary  understanding  of  controllability 

under  Mars  conditions,  make  it  important  to  know  in  detail  how  different  the  configuration 
constraints  imposed  by  higher  L/D  would  be  from  those  imposed  by  the  lower  LTD  (which  by 
1989  had  come  to  be  regarded  generally  as  appropriate). 

2)  As  the  90  Day  Study  stimulated  thinking  about  what  the  purpose  of  SEI  Mars  surface 
missions  should  be,  concern  developed  that  global,  or  at  least  wide,  access  to  the  surface  of  Mars 
was  potentially  important.  High-thrust  Mars  transfer  propulsion  systems  (chemical  or  NTR)  ten 
to  be  mass-constrained  by  arrival  and  departure  vector  geometry  to  certain  parking  orbit  condmons. 
Although  there  is  no  lack  of  interesting  (scientifically  important)  landing  sites  accessible  from  the 
periapsis  of  any  orbit  at  Mars,  the  fact  that  performance-optimized  parking  orbits  are  unique  for 
each  high-thrust  opportunity  causes  a site-access  problem  if  returning  to  the  same  surface  sue  is 
required  (for  base  buildup).  Thus  for  high-thrust  transfer  propulsion  options  particularly,  an 
ability  to  achieve  cross-range  on  lander  entry  may  be  important  High  L/D  enables  greater  cross 

range  capability. 

3)  Certain  Mars  lander  issues  not  imposed  as  requirements  during  the  90  Day  Study  required 
analysis  and  design  validation.  Developing  a new  MEV  concept,  substandally  different  torn  the 
baseline  MEV,  allowed  us  to  investigate  those  issues  simultaneously  and  thoroughly.  Specifically, 
we  addressed:  (1)  a deep  aerobrake  structure  concept,  of  interest  for  maximum  structural 
efficiency  and  therefore  reduced  brake  mass;  (2)  the  ability  to  deliver  large-envelope  cargo 
represented  in  our  design  by  a long-duration  surface  habitat  module  sired  for  10  crew, 
and  (3)  re-usability  of  the  MEV,  based  on  in  situ  production  of  cryogenic  propellant. 


The  vehicle  shape  represented  by  the  RMEV  has  applications  for  other  interesting  mission 
modes,  concepts  for  which  have  yet  to  be  investigated  in  detail.  Three  examples  are:  (1)  a smaller 
RMEV,  sized  commensurately  with  the  MEV  to  be  a modest  cargo-delivery  vehicle;  (2)  a direct- 
landing  MTV,  whose  return  propellant  would  be  manufactured  in  situ  on  Mars;  and  (3)  re-usable 
aerobraked  "taxi"  vehicles  capable  of  performing  the  Earth-Mars  cycler  embark/debark  fimenon. 
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Nuclear  Thermal  Rocket  (NTR) 


Introduction 

The  reference  Mars  mission  trajectory  has  a AV  requirement  of  14.6km/s.  With  chemical 
propulsion  having  a Specific  Impulse  of  475  seconds,  the  ideal  mass  ratio  for  the  mission 
is  given  by  the  rocket  equation: 

m(i)/m(f)  = e(AV/gI(sp))  , in  this  case  e (14600/9.8x475)  = 23  therefore: 

/ m(i)lm(f)  = 23:1 

The  start  mass,  and  hence  launch  cost,  savings  from  reducing  the  mass  ratio  can  be  very 
large.  TTtis  is  the  motivation  for  considering  'Advanced  Propulsion’,  i.e.  propulsion  with  a 
higher  Specific  Impulse  than  chemical  propulsion.  Nuclear  thermal*  nuclear  electric,  and 
snlar  electric  are  considered  in  this  study,  with  nuclear  thermal  considered  specifically  in 
this  volume. 

Nuclear  thermal  propulsion  heats  a propellant  (usually  hydrogen)  in  thermal  contact  with 
the  hot  core  of  a reactor.  The  propellant  is  heated  to  about  the  same  temperature  as  the  gas 
in  a chemical  rocket  (2500-3000K).  The  much  lower  molecular  weight  of  hydrogen  (2)  in  a 
nnrif»ar  rocket  as  compared  to  water  (18)  in  a chemical  rocket  leads  to  a higher  exhaust  gas 
velocity,  and  thus  a higher  specific  impulse  (800-  1200s  vs  450-500s). 

Against  the  much  higher  propulsion  efficiency  of  nuclear  thermal  as  compared  to  chemical 
propulsion,  several  drawbacks  must  be  considered.  Nuclear  reactors  generate  radiation 
which  must  be  shielded  against,  especially  if  it  is  a manned  mission.  The  engines  generally 
have  a lower  thrust  per  unit  engine  mass.  Hydrogen  is  both  extremely  cold  in  liquid  form 
and  has  a very  low  density.  These  require  relatively  heavy  tanks  to  store  it  and  it  is  subject 
to  boiloff. 

This  volume  documents  analysis  and  synthesis  data  developed  with  respect  to  nuclear 
thermal  propulsion  for  a Mars  mission.  It  will  be  using  the  same  "high-thrust  mission 
trajectories  as  the  Cryo/Aerobrake  vehicle  with  additional  'fast-  trip'  trajectories  that  are 
now  being  worked. 
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Nuclear  Thermal  Rocket  Vehicle 
Reference  Configuration 


Introduction 

The  nuclear  thermal  rocket  (NTR)  concept  offers  advantages  of  higher  Isp  than 
cryogenic  concepts,  fully  propulsive  capture  at  Mars  and  Earth  to  avoid  high  energy 
aerobraking,  and  the  potential  for  recovery  and  re-use  of  the  expensive  transfer  habitation 
system.  NTR  represents  a proven  technology;  early  versions  were  extensively  tested  in  the 
1960s  and  early  1970s. 


Nominal  Mission  Outline 

• The  vehicle  is  assembled,  checked  out,  and  boarded  in  LEO 

• The  TMI  bum  occurs,  and  two  empty  LH2  tanks  are  jettisoned  (opposition  case) 

• The  MTV  coasts  to  Mars 

• MOI  bums  capture  the  MTV  into  Mars  orbit 

• Two  LH2  tanks  are  jettisoned 

• The  MEV  is  checked  out,  separates  from  the  MTV  and  descends 

• The  MEV  aerobrake  is  jettisoned  prior  to  final  approach 

• The  MEV  touches  down,  and  surface  operations  ensue 

• The  MAV  ascends  for  rendezvous  with  the  MTV,  leaving  the  descent  stage,  surface 

habitat  and  science  equipment 

• The  MAV  is  jettisoned  in  Mars  orbit  after  crew  transfer 

• The  TEI  bum  occurs,  and  the  MTV  coasts  back  to  Earth 

• In  expendable  scenario,  crew  return  is  accomplished  with  modified  ACRV  (MCRV), 

MTV  is  jettisoned  at  Earth 

• In  re-usable  scenario,  MTV  captures  propulsively  into  high  parking  orbit  (500  km  by 

24  hr)  for  30  d cool-down  period 

• Crew  returns  to  SSF  using  LEV-class  taxi 

• Post-cooldown,  MTV  is  refurbished  in  SSF  orbit 


Vehicle  Systems 

Crew  Systems  , _ , , ... 

The  crew  portion  of  the  vehicle  consists  of  a transfer  habitat  (common  with  other 
concepts),  deployable  PV  power  plant,  and  an  MEV  (common  with  other  concepts).  All 
habitable  volumes  are  contiguously  connected,  and  located  at  the  opposite  end  of  the 
vehicle  from  the  reactors.  The  ends  of  the  vehicle  are  separated  by  a lightweight  truss 
spine. 

Propulsion  System 

The  reactor/engine  is  a technology-upgrade  from  the  NERVA  reactor  of  the  1970s. 
A composite  shadow  shield  limits  both  direct  and  secondary-particle-scattered  dosage  to  the 
crew  and  sensitive  electronics.  LH2  propellant  is  used.  Four  cryogenic  storage  drop-tanks 
are  located  on  the  truss.  Another,  in-line  propellant  tank  is  for  TEI  and  EOI;  remaining  full 
for  most  of  the  mission  enables  it  to  provide  extra  radiation  protection  to  the  crew  systems. 
All  propellant  from  the  drop-tanks  is  flowed  through  the  in-line  tank,  so  that  its  supply 
remains  relatively  un-irrar1’  ! throughout  the  mission. 


PRE’CEDINJ  PAGE 


BLANK  NOT  FILMED 


D615- 10026-3 


27 


2016  Advanced  NERVA  NTR  Reference  Vehicle  Configuration 
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NTR  Configuration 
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/STCAEM/cif/3 1 M*y90 


Reference  Configuration:  Outbound  and  Mars  Capture 
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Reference  Configuration:  Earth  Departure 
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Options  /Alternatives 
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NTR  Alternate  Vehicle  Conflgurations 


The  Nuclear  Thermal  Rocket  is  not  a new  idea,  as  it  stated  elsewhere  in  this  text  it  has  a 
history  of  hardware  and  ground  tests.  Although  a flight  ready  vehicle  was  never  produced, 
it  was  designed,  giving  us  a starting  point  for  our  evaluations.  In  modernizing  the  designs 
the  structure  of  the  vehicle,  particularly  the  truss  and  tank  systems  were  adapted  to  the 
■available  or  proposed  ETO  vehicle  shroud  size  and  throw-weight  In  addition  the 
alternative  of  incorporating  the  tanks  as  part  of  the  structure  of  the  vehicle  was  traded.  In 
this  version  of  the  vehicle  the  tanks  were  not  expendable  (no  lightening  of  load  for  bum 
maneuvers  subsequent  to  TMI)  and  the  mass  penalty  incurred  in  strengthening  the  tanks  to 
take  the  load  did  not  seem  to  make  this  an  attractive  option.  One  other  factor  was 
incorporated  in  the  design  consideration  at  this  point  That  was  the  results  of  the  S AIC 
radiation  studies  evaluating  the  shield  size  needed  and  the  view  factor  of  the  reactor.  This 
resulted  in  reshaping  the  reactor  side  portion  of  the  fuel  tanks. 
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NTR  VEHICLE  CONFIGURATION  OPTIONS 
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Other  Issues  include:  Providing  for  tank  release  and  jettison,  minimizing  and  facilitating  on  orbit  assembly,  anticipating 
meteor  shielding  requirements  (with  or  without  a protection  hanger  at  SSF),  vehicle  return  for  reuse 
refurbishment/resupply  issues,  artificial  g accommodations  and  others. 
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Earliest  Shuttle-C  10  meter  CAD-CAM  SAIC  Radiation 
concept  Tanks  dia  tanks  5 tanks  assessment 


Mars  Flyby  with  Surface  Exploration  Mission  (dash/flyby) 
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Earth  Vhp  = 10641  (m/s) 
slowed  to  9700  by  ECCV 
propul  braking  stage 
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2016  Mars  Flyby  with  Manned  Surface  Mission 
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Ascent  fern  Slums.  2 rendezvous  with  ftic*  s/ac 

kick  stage  in  orbit  awaiting  swingby  of  MTV 


Mars  Flyby/’Dash’  mission 

MEV  ‘DASH’:  Deep  Space  Injection  dV  Addition 

Some  where  after  midpoint  in  the  Mars  vehicle  outbound  transfer  leg,  the  MEV  must  be  accelerated  to  a higher  velocity  to  allow  it 
to  arrive  20  - 50  days  ahead  of  the  MTV  for  surface  exploration.  This  dV  addition  can  be  done  two  ways.  The  following  chart 
illustrates  the  two  propulsion  options  available  to  the  MTV/MEV  vehicle  to  do  the  ‘DASH’  early  Mars  deep  space  injection  bum 
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sec  vs  475  sec  chemical  - lowers  IMLEO 


Mars  Flyby  with  Manned  Surface  Mission 

MEV  'Dash':  Deep  Space  Injection  (IV 
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MEV  Kick  Stage  dV  vs  Surface  Stay  Time  and  Transfer  Time 
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2016  MEV  Injection  dV  vs  Surf  Stay  & Transfer  Time 

dV  required  for  MEV  to  reach  Mars  early  enough  to  perform  surface 
mission,  then  ascend  to  rendezvous  with  MTV  as  it  swings  by  planet 
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MEV  transfer  time  to  Mars  (days) 
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Total  Vehicle  Momentum  Change  Comparison 
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Vehicle  Total  Momentum  Change  Comparison 


02/H2  chcm  kick  sLage  utilized  to  accelerate  MEV  and  4 ton  supplemental  hab  to  early  Mars  arrival  for  surface  mission  Mac/Disk  # 1 3/comparison  of  momentum/ 19  91 
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Mars  Flyby/’Dash’  mission 

2020 IMLEO  vs  MEV  Wt  & Injection  dV  for  Early  Mars  Arrival 

Vehicle  IMLEOs  were  calculaled  for  the  Mars  Flyby/Dash  mode  to  determine  the  savings  in  vehicle  weight  over  the  traditional 
stopover  opposition  missions.  Four  vehicle  propulsion  types  were  analyzed: 

MEV  TMI  stage  powered  swingby  stage  column 
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MEV  in  space  transfer  lime,  (days)  MEV  in  space  transfer  time,  (days) 

from  separation  to  Mars  arrival  from  separation  to  Mars  arrival 

Asc  veh  ascends  to  rendezvous  m>  Af7  V on  hyperbolic  swingby  path,  thus  MEV  wt  is  function  of  swingby  Vhp;  = 3947  toils)  for  2020 
/STCAEM/bd/1 1 Jan91 
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2016  and  2020  Flyby/dash  vs  Stopover  Mission  IMLEO  Comparison 

Vehicle  IMLEOs  were  calculated  for  the  Mars  Flyby/Dash  mode  to  determine  the  savings  in  vehicle  weight  over  the  traditional 
stopover  opposition  missions.  Four  vehicle  propulsion  types  were  analyzed: 

TM1  stage  powered  swingbv  stage  mode.  MpV  carga 
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Flyby/Dash  vs  Stopover  Oppositions  Missions 

with  Venus  Swingbys.  MEV  delivers  25  tons  to  the  surface 
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Opposition  Flyby  mission  with  MEV  'Dash'  (small  deep  space  bum  velocity  addition)  to  arrive  at  Mars  early  for  surface  exploration  before 
MTV  stg  arrivial  & rendezvous 
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2016  Flyby/'Dash'  Opposition  Mission 

MEV  delivers  25  tons  to  surface 
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Reference  Matrix  to  Alternative  Architectures 


In  considering  a complex  task,  it  is  useful  to  organize  it  into  a heirarchy  of  levels.  The 
higher  levels  are  more  important  or  more  encompassings,  while  the  lower  levels  include 
more  detail  or  are  more  specific.  Constraints  (e.g.,  requirements  and  schedules)  flow 
down  from  the  higher  levels  and  solutions  or  implementations  build  up  from  the  lower 
levels.  The  first  figure  shows  a heirarchy  of  six  levels  from  national  goals  to  performing 
subsystems.  The  following  section  discusses  the  fourth  level,  exploration  architectures in 
terms  of  the  lower  levels:  element  concepts  and  performing  subsystems.  Selection  of 
preferred  architectures  will  require  the  Government  (the  National  Space  Council,  the 
President,  and  the  Congress)  to  first  define  the  top  three  levels. 

Implementation  Architectures 

Seven  architectures  have  been  selected  for  examination:  four  different  propulsion  types 
(Cryogenic/Aerobrake,  NEP,  SEP,  and  NTR);  two  variations  of  In-Situ  Resource 
Utilization  (ISRU)  for  propellants  with  Cryogenic/Aerobrake  propulsion  (Lagrange  point  2 
refueling  and  Mars  surface  refueling);  and  a cycling  spacecraft  concept  Three  basic  levels 
of  program  scope  are  identified:  small,  moderate,  and  ambitious. 

Multiple  options  can  be  generated  within  the  basic  architectures,  varying  launch  vehicle 
capacity,  orbital  node  type,  and  mission  profile  and  propulsion  type  for  the  various  Lunar 
and  Mars  vehicles. 

Aerobraking  is  found  to  be  applicable  to  all  seven  architectures,  placing  it  as  a 'critical' 
technology.  Electric  propulsion  leads  to  the  lowest  reference  vehicle  mass,  and  also  almost 
the  lowest  resupply  mass.  ISRU/Cryo  leads  to  the  lowest  estimated  resupply  mass  since 
most  of  the  propellant  is  derived  locally  rather  than  coming  from  Earth. 

Cost  Models 

Cost  estimation  is  being  performed  using  "parametric"  methods.  This  technique  uses  a 
parameter,  usually  weight,  as  an  input  to  empirically  derived  equations  that  relate  the 
parameter  to  cost.  It  should  be  recognized  that  the  source  data  for  the  cost  models  is  past 
program  experience,  while  the  hardware  being  estimated  will  be  built  one  or  two  decades 
from  now.  Therefore  these  cost  estimates  should  be  assumed  to  have  a standard  deviation 
on  the  order  of  +-100%.  Hardware  at  technology  readiness  level  5 may  be  assumed  to 
have  a standard  deviation  in  cost  estimate  of  +-30%.  No  revenues  from  sale  of  products, 
services,  or  rights  (i.e.  patent  rights,  data  rights),  or  commercial  investment,  are  assumed 
in  the  cost  estimates.  These  might  appear  in  a scenario  such  as  the  Energy  Enterprise. 

Aa  an  example,  the  cost  estimate  for  a NEP  architecture  shows  an  average  annual  funding 
level  of  $8  billion  per  year  after  initial  ramp-up. 

The  principal  cost  drivers  identified  include  number  of  development  projects,  reuseability, 
mass  in  Earth  orbit,  and  mission/operational  flexibility. 

Analysis  Methods 

Individual  trade  studies  are  performed  within  each  architecture  to  optimize  it  against 
evaluation  criteria.  The  principal  evaluation  criteria  to  date  has  been  initial  mass  in  low 
Earth  orbit,  as  a proxy  for  cost.  The  results  of  this  optimization  will  then  be  compared  to 
each  other  in  groups.  The  early  Mars  group  will  compare  all-propulsive,  aerobraking. 
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direct  travel,  and  nuclear  thermal  among  themselves.  The  electric  propulsion  group  will 
compare  SEP  and  NEP.  The  innovative  group  will  compare  Lunar  oxygen  to  cycler  orbits. 
These  concepts  may  both  be  retained  if  it  is  advantageous  to  do  so.  Finally,  the  choice 
between  early  Mars  and  Late/Evolving  Mars  will  need  to  be  made  on  the  basis  of  cost,  risk, 
and  performance,  while  combining  the  best  features  from  each  group. 
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Architectural  planning  for  a space  program  deals  with  many  levels  of  information. 

A major  space  program  like  the  space  exploration  initiative  must  respond  directivity  to 
national  goals  in  traceable  ways.  While  we  do  not  determine  national  goals,  it  is  our 
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Subsystems 

Each  logical  type  subsumes  all  (lie  subordinate  types 
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launcn  mass  required  to  emplace  lunar  oxygen  production  on  the  Moon.  Lunar  oxygen  has  a 
reasonable  return  on  investment  for  lunar  transportation  at  two  or  more  lunar  trips  per  year. 

I he  cycler  architecture  was  broadened  to  include  semi-cyclers.  Kale  in  the  study  we  introduced  an 
NTR-dash  m°de  (described  later  in  this  briefing)  closely  related  to  the  semi-cyclers. 
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We  have  selected  seven  program  implementation  architectures  for  architectural  analysis. 
These  seven  architectures  incorporate  the  advanced  propulsion  options  of  principal  interest 
in  complete  evolutionary  architectural  scenarios  for  lunar  and  Mars  exploration.  The  facing 
page  lists  the  features  of  each  architecture  and  the  rationale  for  selection  of  each. 
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Program  Implementation  Architectures 
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acrobraking  at  Mars  ami  LEO.  "Fast"  operations. 

conjunction  profiles. 

Cycler  orbits  Cycler  orbit  stations  a la  1986  Fliminalcs  boosting  massive 

Space  Commission  report  Mars  transfer  vehicle. 


SEI  Program  Scopes  for  Transportation  Architecture  Analysis 
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SEI  Program  Scopes 

for  Transportation  Architecture  Analysis 
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Mars  population  by  24  per  opportunity  by  2025. 


Three  Activity  Levels  for  Architecture  livaiiiauon 
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Industrialization  and  Settlement  Program 


.-2  « 
60  £ 
60  ?? 
O y 


■o  .5 
o — 


0) 

Ou  co 

.52  § 

u 


2 .S  ^ £ u o 

*£  O ri  L 

iu  u « J E 2 2 

a is  =^2--  = 

a £ ^ *-  -•  © 

- ^ -a  c*3 

o c 2 '=  -2  S ^ 

> (3  2 « CN 

4)  u.  a.  3 >> 

« O 0)  u <—  'T'X 

4>  c a..2  x . 

Sj  2 o *o  co 
00  j-  O *—  a 

^<2  « e « *H  irn 

w 4)  6-  >%*5  — M 

U U « 6/5  3 0 

£ 2 60  U B 5 - 

-r  s 5 ® w 

Ss  _ o ° _ Cl  a 

3 ^ ’*>  2P  5 ® •= 

s 3 .52  .£  S§  6-  c 
3 . C >1?  “ o 
X 4)  “ w a.  q 

s 3 ft.  « “ - e 

Sis ^mc s 
«oZ  Krs" 
>»  a.  u ^ .2 

60  fl)  ~ L. 

.,  2 J=  x « 2 13 

« w E=  w -=  = 

•5  o>  « sr  cj 

«S2  -c  • « 3 Sc 

g-s.§|  fi-Sl 

a,  ca  * 5 t*  **- 

_i  - c ~ > ° 

5.8~? « &■§ 

co  *o  — so  P 

e •=  « *■  © — <> 

£ W C ^ r** 

oo  i-  § o >^*5 

O co  •— 

>,  j;  O .tJ  O Z >n 

jr  .2  x g ‘c  x x 
u *E  2 w 5 -a 
05  •-  o a.  5 S'  g 

4>  .2  a © o <->  w 

3 *s  S3  4>  © 


— l J2 

3 

I--  Q. 

« O 
4>  Cl 

^ « 

u © 

> « 

£ « 


2 q,*s  2 ? s o 

S o 2 « g ©•  a. 

a s.  e SL  s>  8.  & 


D615- 10026-3 


90 


Industrialization  and  Settlement  t'rograin 


/STCAEM/grw/1  Jan91 


Lunar/Mars  Program  Comparisons 


•*  fc-  6fi  s E 1 CJ  O 

.11  = nil  2 

" i Z ! 2-  ^-2 


JO 

3 

a 

o 


EL  o 5 y « 

£■•=  u g -r 

co  a; 


2 o *> 
« ^ c 


a vs  « is  *5  ;s  _ 

= = *5  i CL 

o u a "1,8  So 
5/5  c — E c 5 

t®  C ;E  ^ s/3  ^3 

C 5 C <-  . o U 

5 i'iJS  I 8 &| 
:1  n-I  2 I 


60 

#o 

#EZ 

co 

S 

u 


. _ g w eL 

•te  jc  JS  c o 

£ I a.  ^ V5 

8.SI 

o .2  p g 1 03  z 

<—  *2  ,C5  r>  - 7 


w 

C/2 

g 

.2 

3 

Cl 

6m 

3 

60 

CO 

CO 

o 

£ 

w 

g 

o 

E 

CQ 

Jo 

O 

CL 

>% 

co 

1 

a 

OD 

u 

V 

W3 

u- 

CD 

3 

CL 

S2 

*o 

g 

o 

.E 

CO 

O 

o 

CO 

o 

o 

co 

6m 

CL 

CL 

Um 

s 

Tt 

o 

o 

g 

Urt 

OD 

6m 

g. 

6 

*uZ 

60 

CO 

** 

3 

"O 

o 

g 

6m 

CO 

g 

^3 

E- 

o 

m 

5 

u 

o 

a 

CO 

>v 

x> 

c 

o 

CO 

■3 

g 

U 

CO 

D 

g 

o 

3 

O 

e 

4) 

a 

g 

CO 

co 

u. 

CO 

g 


aJ  r 2 « & § _ 
- <u  = 2 .£ 

cc  £ O 2 12  Cl 

3 O Jg  M — ws5 

— JS  ..  .3  0)a  3 *; 

« ob  2T  £ § !§  2j 


cs  > 

Tt  « 

© ^ 


c *tr  ^ = 

.2  3«'5 

r^i  LZ: 


CO  CO 

a. 

E 

o _ 

O 0) 
> 

6/5  ^ 
0> 


■o  — , * ^ Qj 

r*  4-*  — * ®/3  Q->  £ "O 

h.“!  I g>i 8 i 

fs "tl *!  t 

° ■“  iS's-s 

« ” « “ £ k 

v MO  3 

*-•  m ^ g C/5 

° o ° £ Ji 

” •—  +*  “ CO  ^ 


o 

£ 


Q ^ A-  **  CO  ' 

w)  o 1 i»  2 ob  5 

- 8 I » S-= 

. - e S g as 

i-  o 'DO  00  «£  © 
a;  a.  i-  co  c f, 


co 

u 

0) 

> 


o 

m 


x — 

V JO 
C 3 

52  £ c 


- o co  ^ 5 ^ 

Q-  C CD  — 


u g gw—  u 

Cl  <u  O w 
_ o t a>  g 


O u-  w g *c 
Cl  NC  c/5  Q-  co  w 


g 

3 

tr 

o 

CL 

CL 

o 

JC 

a 

CO 

o 

CO 

6* 

CO 

s 

© 

w 

CL 

C 


W5 

<L> 

6/2 

_>> 

2 

CO 

c/s 

O 

a 

J2 

o 

>-> 

u 

.O 


"3 

C 

CO 

CD 

#g 

6/5 

<L> 

*E 

CO 

E 

D 


CL 

g 


a> 


2 

<D 

* 

co 

#C 

*3 

CO 

g 

OJ 

a 

C/3 

o 

60 

<u 


D615-10026-3 


92 


L>unar  rrogram  ^oni|)arisun 


fN 

r5 


- 

OJ 


> 


C3 

W 

CD 


O u 
<N  Cm 


5* 

2 

?3 


(oSjbd  35  AidJD)  sdux  JBunq  jctuuv 


<n 

c 

<N 


© 

5 


fN 


r^i 


u 

« 

a* 

> 


u 

ex 

o 

u 


1 ‘PBOiXbj  pajaAipo  aAijBpuui^ 


93 


/SICA  EM/grw/4  Jan9 1 


This  page  intentionally  left  blank 


D615- 10026-3 


94 


Mars  Program  Comparisons 


! 


PRECEDING  page  blank  not  filmed 


u 

a 


> 


« 

u 

sn 

9 

u 


u 

C3 

> 


« 

u 

9 

u 

O. 


La 

« 

4* 

>< 


« 

U 

0£ 

9 

u 

9. 


TT 


i 

to 


2 

LD 

< 


95  . 

PAGE  BLANK  NOT  RLMIB 


This  page  intentionally  left  blank 


D615- 10026-3 


96 


Architecture/Launch  Vehicle/Node  Trends 
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The  facing  page  is  a typical  listing  of  the  element  options  making  up  a total  transportation 
architecture  for  SHI  missions.  The  options  listed  are  all  candidates  for  incorporation  into 
architectures.  Trade  studies  have  not  eliminated  any  of  these  options.  (The  list  is 
representative  and  not  necessarily  complete.)  The  number  of  options  on  this  chart  for  each 
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Available  Options 
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Total  possible  combinations  2,799,360 
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Architecture  Results  for  Three  Activity  Levels 
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Seven  Architecture  Recommendations 
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Nuclear  Rocket  KOI  Tracies 
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Program  Implementation  Architectures  Relation  to  Aerobraking 
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Program  Implementation  Architectures 
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conjunction  profiles. 

Cycler  orbits  Cycler  orbit  stations  a la  1986  ***  XX  XX 

Space  Commission  report 

Notes:  * optional/emergency  mode  * Opposition  class  only  ***  MEV-class  crew  taxi  (not  a large  MTV) 

/STCAI';M/mha/3 1 May90 


Aerobraking  Flight  Test  Bed 


118 


/STC  A EM/gr  w/4  J an9 1 


! 


QJ 

C/3 

0_ 

5 

X 

H 

cs 

Q 

C/3 

C3 

On 

Es) 


5 


a 


» 

X 

5/5 

S3 


a 


5/* 


_© 

"© 

1 

© 

3 

« 

© 

"© 

• MM 

5/5 

© 

© 

© 

© 

O 

s 

fi 

© 

1 ^5 

• ■H 

s 

C/5 

4> 

a 

© 

© 

• 

• • 

C/5 

4> 

3 

c/5 

C/5 


4) 

E 

© 

© 

s 

S3 

> 

S3 

>» 

OX) 

© 


O 

3/ 

H 


5/5 

>» 

S3 

© 

(■ 

S3 


S3 

4)  3J 
u S3 

II 

.sS 

■3  -6^- 
63 
© 


>% 

OX) 

© 

© 

s 

© 

© 


a/ 

4) 

S 

© 

S 

Um 

& 

© g 

4)  © 

Q/-3 

.3  S 
«•§ 
J=  © 


Bft  "3 

.2r  4/ 

© "2 
>.  SB 

^ g 

S © 

“3 

J < 


6/5 

5^ 

© 

© 

u 

© 

OX)  5/5 

s »- 

’►.'K 

® s 

a.  © 

© JS 
"3  «-* 

■3  .E 

© — 
C3  ^ 

ft.  « 
Ed  a/ 

» = 

ox)  3 

.E  *3 

|E 

3 4) 

£ £ 
is? 

© 2 

U S 

«*-  U 

►»  £ 
OX)  £ 

o © 

© ©■ 
S JX 
OX) 

© 

4/ 


5/5  £ 

© is 

• M __ 

| 

© OX) 

-E  © 

© © 

OfiS  J 


OX) 


■**  © 

* 9 

© 3 

Ed  © 

£ I 

■2-3 

.3  S 
- © 
g OX) 
S 1 

• MM 

i£  £> 

S Jh 

a w 
© c 

a.* 


© 

© © 

w s 

3 s 

= g 

O 

e w 
c 4/ 

E ® 

© © 

‘■S  © 

© g 

g 3 

S’  © 

5/5  a, 

■S  0 

= 3 

4/  © 
£ © 


at  5/5 
a> 

© ft. 

« w 

is  ^ 


Ed 

z 

c 

© 

© 
• MM 

s 

© 

3 

© 

4) 

4) 

4/ 

&M 

© 


33  .2 


ft. 

Cd 

c/3 


© 

> 

© 


© 

© 

•M 

© 

OX) 

u 

© 

►» 

© 

u 

© 

© 

■M 

6/5 

© 

© 

1 

£ 

o 


.© 

© 

5/5 

3 

© 

© 

•M 

© 

© 

5/5 

© 

© 

> 


3 

© 

> 

© 


© 

U 

3 

© 

© 


© 

u 

© 

"© 


g © 

i s 

B a, 

© ss 
£ © 
« 2 
ft.  C3 

Ed  5 
c n « 


© 

3 

JB 

a 

© 

OX) 

3 

• MM 

s 

© 

© 

J© 

© 

© 

£ 

© 

a. 

OX) 

4) 

•s 

5/5 


© 

3 

© 

A 

© 

> 

• HI 

© 

> 

■ Hi 

© 

© 


5/5 

© 


►> 

OX) 

_© 

■© 

3 . 

m Vi 

W g 

3 J 

ft.  *- 
Ed  g 
c/3 


D615- 10026-3 


120 


STC  A EM/grw/4  J aii9 1 


Return  on  investment  comparison 
SEP  versus  NTR;  Full  Science  Program 
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Archilecture/IMode 


Man  Rating  Requirements 
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Nuclear  Rocket  Man-Rating  Approach 
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Nuclear  Rocket  Man-Rating  Approaui 
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Technology  Advancement  and  Advanced  Development 
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Technology  / Advanced  Development 
Funding  Estimates 
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Our  basic  cost  model  kernels  are  parametric  cost  models.  We  use  the  Boeing  Parametric  Cost 
Model  and  the  RCA  Price  models  to  estimate  development  and  unit  cost.  The  determination 
of  hardware  to  be  costed  comes  from  what  architectural  elements  are  needed  and  from 
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Life  Cycle  Cost  Model  Approach 
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Architectural  Cost  Drivers 
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Minimum  (Baseline  W/Ops  & Int) 
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Full  Science  (Baseline  W/Ops  Int) 
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Settlement/Industrialization  Baseline  w/Ops  Int 
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Return  on  Investment  Analysis  Summary 
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refine  systems  through  systems  engineering. 


The  facing  page  shows  the  low  level  system  mission  and  operations  trades  that  have  been 
conducted  or  are  being  conducted  for  our  seven  architectures  to  represent  the  range  of 
possible  architectures  for  the  SEI  mission.  Most  of  the  trade  areas  have  been  presented  in 
this  briefing  or  have  been  presented  in  earlier  briefings.  The  knowledge  base  in  this  area 
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Architecture  Trade  Flow 
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EWUIII:  Overall  conjuration;  hey  subsystems  performance;  integration  compatibility;  operations  analyses 
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Architecture  Evaluation  Approach 


i 


! 

i 


I 


157 


•STCAHM/trw/3 1 May*) 


This  page  intentionally  left  blank 


D615-10026-3 


158 


I 


u 


CQ 

s 

s 


3 

m 


cn 

u 


2 


I 

! 

i 

i 


©5 

0) 

3 


© 

■o 

w 

© 

“O 

e 

£ 


© 

© 

B 

© 

■O 

O 

rs 

B 

« 

j= 


© 

u 

© 


s 

.2  B 

0.2 

£ •- 

S co 

•-s  © 

5 a. 

■ ® B. 
w © 

* ~ U 

> © 

U B 

US 

H w 

sS  B 

a.  = 

< *E 

4>  flT 

it 

|t 

II 

= -a  ^ 


t = 

r j « 

a ►> 

~ x 

E O 

© CO 

3 u 
•5  « 

°.| 

DC  ^ 

S — 
— © 
.©  © 
© u 

3 5 


© H 

02 

• • 
in 

u 

ca 


u 

4> 

C3  -O 

o *35 
5L  v* 

ft 


5 £ 


U 

ca 

H 


s 

o 


o 

> 

4> 

u 

o 

CD 

u 

^3  • ^ 
s fi- 
« a 

©z 

— u 

*>  0 

2 ®" 

£ a 


o 

u 

o 

Vi 

u 

© 


£ 

u 

a 

Urn 

© 


DC 


© 2 

I ■= 

© © 

E E 

3*2 

Z E 

S2o 


o 

a 

a 

CO 

CO 

© 

£ 

"a. 

a 

B 

CO 

© 

u 

o 

a 

a 

S 

a 

CO 

© 

T3 

© 

u 

S 

CO 

© 

© 


a £ 

•M  " 


© 

DC 

B 

© 

U 

& 

§ 


Ed 


u 

£ 

CJ 

OX) 

C5 

u 

4) 

> 

4) 


S 

fl 

4> 

IS 
• «■ 

B 

DC 

CO 

CO 

© 


2 i; 

8.2* 
B 4S 
© 

3 


D615- 10026-3 

PRECEDING  PAGE  BLANK  NOT  FILMED 


I 


159 


• Earth  Crew  Capture  Vehicle,  an  Apollo-like  capsule  used  for  Earth  entry  and  landing 
or  aerocapture  to  LEO.  The  rest  of  the  vehicle  is  expended. 
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Comparison  of  Propulsion  Options 
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Conjunction  vs.  Opposition  Mars  Profiles 
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Reusable  MEV  Sensitivities 
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1 1.  Requirements,  Guidelines  and  Assumptions 
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Reference  and  Alternate  Missions 


Note:  Contains  material  formerly  in  Mission  Analysis 
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NTR-  Mission  Analysis 


The  trajectories  used  in  the  NTR  mission  profiles  are  the  same  ones  as  used  by  the  Cryo/ 
Aerobrake  vehicle,  with  the  exception  of  additional"fast-  trip"  time  conjunction  mission 
profiles  which  would  require  the  Cryo/Aerobrake  IMLEO  to  an  unreasonable  level 
(>  900 1)  These  "fast-  trips"  are  in  process  of  being  generated  and  examined.  These  results 
will  be  given  in  the  final  version  of  this  document 

The  first  chart  and  its  accompanying  text  show  an  early  version  of  the  mission  profile  for  a 
2016  mission  to  Mars,  which  was  the  NASA  derived  baseline  mission . The  next  two 
charts  and  text  show  the  current  mission  profile,  which  is  the  Boeing  generated  profile  m 
the  same  time  frame  as  the  NASA  (Level  II  reference)  profile*  The  changes  between  the 
two  were  addition  of  a third  departure  bum  from  Harth  orbit  to  lower  gravity  losses,  and  a 
lower  plane  change  delta  V requirement  with  a slight  change  of  departure  and  arrival  dates 
at  Earth  and  Mars.  In  addition  trajectories  for  both  conjunction  and  opposition  missions  in 
Hatf»q  ranging  from  2010  to  2025  were  found  and  analyzed.  They  and  their  consequences, 
in  terms  of  launch  criteria  from  Earth,  and  arrival  and  orbit  conditions  at  Mars,  are  given  in 
the  next  three  charts. 

The  next  set  of  charts  considers  the  trajectory  effects  of  a low-pressure  NTR,  which  has 
been  considered  in  some  of  the  architectures  as  a possible  advanced  vehicle.  It  has  been 
hypothesized  that  at  low  pressures,  hydrogen  recombination  from  monatomic  to  diatomic 
will  release  energy  in  the  nozzle  and  boost  specific  impulse  significantly.  The  low 
operating  pressure,  however,  forces  low  thrust,  which  in  turn  increases  finite- bum  gravity 
losses.  The  gravity  loss  for  a three- bum  departure  at  1250s  Isp  is  calculated  at  311  m/s. 

Another  chart  shows  the  altitude  vs  time  relationship  for  the  three  bum  departure,  with  the 
radiation  belts  indicated  to  show  the  duration  the  vehicle  stays  in  the  various  radiation 
concentrations  of  the  belts  during  the  Earth  escape  maneuver. 

The  mission  velocity  required  varies  significantly  with  the  mission  start  year  (reference  the 
previous  trajectory  information),  since  Mars  has  an  orbit  with  high  eccentricity  compared  to 
other  planets.  The  propellant  required  varies  in  the  NTR  case  over  about  a factor  of  two,  as 
shown  on  the  next  chart  in  this  section.  The  final  series  of  charts  gives  parametric  start 
mass  curves  as  a function  of  the  delta  V’s  of  the  various  propulsive  bums. 
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an  all  propulsive  Earth  capture  bum  is  done  to  capture  into  a 
is  taken  for  this  reuse  mode. 


2016  NTR  Vehicle  Mission  Profile 
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(2)  Outbound  Transit  - Mars  Arrival 


NTR  Mission  Profile  Schematic 
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profile,  but  is  in  the  reasonably  competitive  range 


NTR  Mission  Profile  Schematic 
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2016  NTR  Reference  Trajectory 

Boeing  #2  Modified/434  day/Venus  Swingby 
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Level  II  Reference : AV  Earth  Departure  = 4281  m/sec  AV  Earth  Arrival  =6278m/sec  (at  LEO) 

Data  From  MASE  AV  Mars  Arrival  = 3949  m/sec  AV  Mars  Departure  = 3400  m/sec 


Trajectory  Information  for  Mission  Opportunities 
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Orbit  Insertion  Lighting  Angle,  Latitude,  and  Approach  Turning 
Angle  for  2010  to  2025  Mars  Mission  Opportunities 
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Performance  Parametrics 
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N1 R vs  Chem/AB  vehicle  IMLEO  Com  pari 
Opposition  Missions  With  Swingbys 


Trip  Time  (663)  (622)  (434)  (540)  (540)  (606)  (586) 
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Propulsion  Option  Swingby  Opportunities 

Swingby  Opportunities  for  Expendable  High  Thrust 

Vehicles.  2010  - 2025 


/STCAEM/brc/l  3Nov90 
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§ 202 
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High  Thrust  Trajectory  Assumptions  for 
Propulsion  Option  Comparison 
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10)  All  propulsive,  expendable  - optimize  TMI,  MOC,  and  TEI  delta  V's. 


Mission  Delta  V's  and  Departure  Dates 
Venus.  Switiffbv  Cases 
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Nuclear  Thermal  Rocket  (NTR)  - System  Requirements 


During  the  coarse  of  the  Space  Transfer  Concepts  and  Analysis  for  Exploration  Missions 
contract  (STCAEM),  Boeing's  Advanced  Civil  Space  Systems  group  (ACSS)  has 
conducted  regular  review  meetings  in  order  to  define  and  derive  requirements,  condiuons 
and  assumptions  for  systems  currently  being  developed. 

As  system  definition  and  development  progresses,  technical  experts  provide  documentation 
and  rationale  for  requirements  that  have  been  derived.  This  real-time  capturing  prevents 
requirements  and  their  associated  rationale  from  slipping  through  the  cracks.  For  example, 
a vehicle  configurator  may  see  the  need  for  providing  a minimum  passage  dimension  for 
vehicle  egress  or  ingress.  This  requirement  would  then  be  captured  at  an  early 
development  stage  and  would  provide  a history  for  the  decision.  This  seemingly  simple 
requirement  may  have  large  impacts  on  the  design  down  the  road  and  its  traceability  is 
important. 

Derived  requirements  and  rationale  are  later  transfered  to  the  Madison  Research 
Corporation  (MRC)  where  they  are  then  entered  into  the  system  data  base  which  has  been 
developed  for  ACSS  using  ACIUS’s  4th  Dimension®  software.  The  data  base  allows  for 
easy  access  and  traceability  of  requirements. 

The  charts  that  are  contained  within  this  document  represent  two  collated  copies  of  principal 
requirements  and  assumptions  for  February  2,  and  May  30, 1990.  The  systems  defined 
include:  (1)  the  Mars  Transfer  Vehicle  (MTV),  (2)  Mars  Excursion  Vehicle  (MEV),  (3) 
Trans-Mars  Injection  Stage  (TMIS),  and  the  Earth  Crew  Capture  Vehicle  (ECCV).  Each 
system  is  then  broken  down  into  subsystem  headings  of:  (1)  design  integration,  (2) 
guidance,  navigation  and  control  (GN&C),  (3)  electrical  power,  (4)  man  systems,  (5) 
structure  and  mechanisms,  (6)  propulsion,  (7)  ECLSS,  (8)  and  command  and  data 
handling  (C&DH).  The  initials  of  each  of  the  technical  experts  responsible  for  developing 
the  supporting  rationale  for  each  of  the  requirements  is  indicated  parenthetically  next  to  each 
entry’. 

Although  the  majority  of  the  derived  requirements  listed  are  directly  applicable  to  all 
vehicles  such  as  those  powered  by  Nuclear  Electric  propulsion  (NEP),  Nuclear  Thermal 
Rockets  (NTR),  Solar  Electric  propulsion  (SEP)  and  reference  Cryo,  there  are  some  that 
are  not.  Those  requirements  that  are  only  directly  applicable  to  a specific  vehicle  type  are 
indicated  within  the  entry.  The  italicized  entries  indicate  a modification  to  an  original 
requirement  prior  to  the  second  revision  of  May  30, 1990. 

Defining  and  re-examination  of  derived  requirements  will  continue  through  the  current 
contract 
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MTV  Derived  Requirements 
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assumes  100%  ECLSS  closure  of  water  and  oxygen,  0%  closure  on  food  and  .25  kg 
leakage  per  day  (PB) 

- Two  (2)  astronauts  able  to  pass  through  major  circulation  paths  while  wearing  EVA  suits.  (SC) 

- Crew  quarters  shall  provide  sufficient  volume  for  casual  conversation  between  at  least  two  (2) 

crew  members  (SC) 


MTV  Derived  Requirements 


MEV  Derived  Requirements 


o 

z 

HI 

o 

CD 


S 

© 


£ 

0) 


Q 

> 

W 


a _ 

m (j 
w on 


Q 

03 

H 

c 

© 

a 


o 

© 

© 


•a 

© 

> 

o 

u 

a. 

© 

J© 


OX) 

s 

© 

©. 

Q 


© 

© 


8 

C© 

© 

O 05 

.2  -S 

CD  33 

lm 


© 

u 

& 


© 

© 

<2 

u 

3 

05 

-a 

c 

3 

*© 

-O 

a 


OX) 


© 

© 

I 

© 

JO 


05  05 

© SO 
.£  X) 
3 


05 

© 

© 

© 

3 

2 

3 

© 


© 

cj 

£ 


© 

3 


ft-  o 


►> 

3 

"3 


w 

►> 


U 

£ 

> 

H 

s 

3 

O 


3 

O 


3 

a. 

© 

05 

01) 


* 

o 

a 

> 

H 

s 


£ 

© - 
© 

a 3 

3 3 

3 cj 

c.  e 

4>  qj 

2 0 

«*  ® 
gS 

a o 

si  , 

?l  g 
^ W 

S'  05  Oi 
*“  L.  © 

cj  o © 
^ js  © 
► n — 

© 3 

S.-2'E 

« <5  « 

■“go 

™ 1— 


CJ 

u 


CJ 

« ; 5 

« Jj  O 

u 

_ o 

HP  2 


s ~ 

a 3 U 
cj  H 

© is 
8 < 

CJ 


u 

OJ 

£ 

O 

&< 

13 

<j 


CJ 

QJ 

H 


b- 

CJ 

£ 

o 

o. 

>> 

a 

a 

3 

09 

© 

09 

►> 

3 

u 

L. 

3 

u 

i2 

© 

M 


3 

J3 

>» 

-Q 


© © 
#1-0 
S'  « 3 ■= 

i-  a.  s b 

« £ o o. 

3 « w « 

® « £ = 

68 


« H 


U O ■“ 

68  •*>  S 
® up 
t © *"* 

ft  (-1  rtj 

g-  «-  .C 

3 o ^ 

£ 

O 

ft. 


09 

U 

CJ 

© 


a 

flQ 

05 

CJ 

05 

05 

© 

L. 

a. 

CJ 

U 

.3 

3 

CJ 

£ 

© 


<N 

© 


© 

>» 


C/5  5 
C/5  68 

>> 

c/5 

— ; <j 

c 

u * 

es 

s 

• 

• 

3 

05 

3 

^© 

3 


3 

© 


CJ 

-a 

s 

© 

a. 

© 

33 

05 

>> 

3 

“3 


© 

© 

£ 


© 

© 

3 

© 

33 

© 

L. 

£ 

© 

Lm 

© 

3 


© 

© 

13 


05 


09 

© 

S 1 

a S 

•**  s 

w 3 

Vi 

S 
O 

U 


D615- 10026-3 


215 


time  and  abort  scenarios,  assumes  100%  ECLSS  closure  of  water  and  oxygen,  0%  closure 
of  the  food  and  .15  kg  leakage  per  day  (PD) 

- The  maximum  surface  stay  time  is  600  days  (PH) 


MEV  Derived  Requirements 


MTV  - TMIS  Derived  Requirements 


Mars  Transfer  System  Derived  Requirements 
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Mars  Transfer  System  Derived  Requirements 
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- Connectability  between  links  maintained  90%  of  the  time.  Availability  when  scheduled  - 98% 
connectability  (PH) 
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Note:  Changes  to  existing  derived  requirements  dated  02  February  1990  are  shown  here  in  italics 


Mars  Transfer  System  Derived  Requirements 


Note:  Changes  to  existing  derived  requirements  dated  02  February  1990  are  shown  here  in  italics 
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Note:  Changes  to  existing  derived  requirements  dated  02  February  1990  are  shown  here  in  italics 
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Note:  Changes  to  existing  derived  requirements  dated  02  February  1990  are  shown  here  in  italics 
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NTR  Operating  Modes  and  Options 

The  following  charts  show  the  top-level  operational  sequence  of  evenK  for  the  complete 
NTR  mission  profile.  Options  occur  at  the  point  of  assembly  (m  a tor 

initial  buildup,  assembly  and  checkout  operation  from  a Nuclear  Safe  Orbit  (NSU);, 
outbound  and  inbound  Venus  swingbys,  coast  corrections  and  reconfiguring,  and 
capturing  the  entire  MTV  on  Harth  return  or  an  ECCV  recovery  only. 

The  NTR,  in  the  baseline,  will  operate  out  of  the  LEO  node  co-orbiting  with  Space  Station. 
It  will  not,  generally,  be  necessary  to  operate  from  a NSO,  as  the  NTR,  evenafter  the 
entire  Mars  flight  .will  build  up  only  about  250  grains  of  fission  products  TTus  will  allow 
it  to  operate  within  20  km  of  the  Space  Station  from  a radiological  point  of  yiew^We  are 
estimating  the  collision  avoidance  distance  imposed  by  the  structures  to  be  150  km,  well 
beyond  the  NTR's  radiation  concerns.  Having  the  NTR  operate  from  the  NSO  will  permit 
access  to  it  from  the  Space  Station  at  the  rate  of  once  a year  when  the  orbits  align.  This  will 
unduly  restrict  operations  for  no  appreciable  benefit . 

The  NTR  will  leave  from  orbit  by  doing  one  to  three  TMI  bums  to  escape,  whatever  is 
dictated  by  the  need  to  attain  the  Declination  Launch  Asymptote  (DLA)  required  for  Mars 
Transfer.  The  expendable  drop  tanks  will  be  jettisoned  as  they  become  empty  to  reduce  the 
maw,  and  therefore  the  inertia  that  must  be  changed  with  succeeding  delta  Vs  that  must  be 
performed. 

The  on-line  self-check  capability  of  the  systems  and  subsystems  will  be  used  throughout 
the  mission  to  monitor  the  vehicle  health  and  indicate  preventative  maintenance.  Due  to  the 
length  of  the  mission  (1-3  years)  the  vehicle  must  be  self  sufficient  and  capable  of 
maintenance  and  repair  with  a limited  crew  (4-7  people).  The  length  of  mission  time  and  the 
distance  will  impose  limits  on  the  communications  and  control  of  the  vehicle  that  can  be 
done  by  ground  operations;  the  crew  are  on  their  own  resources. 

The  NTR  is  an  all  propulsive  vehicle  and  requires  no  aero  braking  to  slow  it  for  Mars  Orbit 
Capture  (MOC).  It  will  use  the  Mars  Excursion  Vehicle  (MEV)  for  aeroentry  to  the  surface 
once  the  MTV  has  been  parked  in  orbit  The  lander  will  operate  like  the  lander  for  the 
Cryo/Aerobrake  mission;  that  is,  after  final  site  selection,  it  will  aerobrake  into  the 
atmosphere  until  the  brake  is  no  longer  useful , jettison  the  brake  and  land  on  the  descent 
thrusters  like  ApoUo.  The  MEV  will  have  descent  abort  capability  with  the  ascent  secnon  m 
the  event  of  an  emergency  to  obtain  orbit  and  be  picked  up  by  the  MTV.  of  the  lander 


Once  on  the  surface,  the  MEV  establishes  contact  with  both  the  automated  MTV  and  Earth., 
then  proceeds  to  carry  out  the  surface  mission.  When  the  surface  mission  is  complete,  the 
ascent  section  liftoff  leaving  the  descent  section  of  the  lander  and  surface  habitat  behind. 
The  ascent  section  attains  orbit  and  docks  with  the  MTV,  the  crew  transfers  with  die  return 
samples  and  all  extraneous  mass  is  jettisoned  prior  to  the  Trans-Earth  -Injection  Bum. 


The  inbound  return  transit  proceeds  like  the  outbound  leg,  with  options  in  Venus  swingby  , 
coast  maneuvers  and  transit  flight  configuration.  On  Earth  return,  the  baseline  option  is  to 
have  the  NTR  capture  into  a 500  km  by  20  km,  28.5  * elliptical  orbit . From  there  the  crew 
and  samples  will  be  transfered  to  the  Space  Station  by  an  LTV  (Lunar  Transfer  Vehicle ). 
After  30  to  60  days  the  NTR  will  return  to  a Space  Station  cororbit  for  refurbishment 
As  an  option  the  crew  and  samples  may  return  by  an  ECCV  direct  to  Earth  with  the  MTV 
continuing  on  to  a heliocentric  orbit  from  which  it  is  not  recovered. 
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System  Description 


Part  Descriptions 

Nuclear  Thermal  Rocket  (NTR)  Evolution.  The  nuclear  thermal  rocket  underwent 
considerable  development  and  testing  from  1955  to  1973.  The  Nuclear  Engine  for  Rocket 
Vehicle  Applications  (NERVA)  was  developed  to  the  point  of  detail  drawings,  which  can 
serve  as  a starting  point  for  a new  NTR  program.  The  alternatives  include  building  the 
NERVA  as  designed,  incorporating  new  materials  into  the  design  to  operate  at  higher 
temperatures,  or  designing  a new  NTR  engine.  The  additional  cost  of  the  latter  choices 
must  be  compared  to  the  cost  savings  from  increased  performance. 

In  addition  to  raising  temperature,  lowering  engine  operating  pressure  is  expected  to  raise 
specific  impulse,  although  the  degree  of  improvement  is  in  question.  The  improvement 
comes  in  two  ways:  using  higher  expansion  ratios  for  the  nozzle,  and  recombination  of 
dissociated  hydrogen.  The  particle  bed  engine  concept  uses  small  encapsulated  fuel 
particles  in  the  core.  The  large  surface  area  of  the  particles  leads  to  a high  heat  transfer  rate, 
and  thus  to  a high  thrust-to-weight  ratio. 

NTR  Sensitivities.  The  NTR  sensitivity  of  Earth  departure  mass  to  specific  impulse  is 
in  the  range  of  1.5  to  2.0  to  1.  Increasing  thrust-to-weight  from  5 to  10  yields  a 4% 
reduction  in  Earth  departure  mass,  while  a further  increase  from  10  to  40  yields  another  3% 
reduction  in  departure  mass. 

NTR  Performance.  The  next  chart  shows  expected  dissociation  of  hydrogen  as  a 
function  of  temperature  and  pressure.  Dissociated  hydrogen  is  advantageous  in  an  NTR 
for  two  reasons.  First,  the  average  molecular  weight  of  the  propellant  is  lowered  from  2 
towards  1;  and,  second,  the  energy  of  recombination  may  help  maintain  gas  temperature  in 
the  nozzle  during  expansion.  Both  factors  contribute  to  higher  gas  velocity,  and  thus 
higher  specific  impulse.  The  following  chart  shows  specific  impulse  as  a function  of 
chamber  temperature  and  chamber  pressure  from  two  references.  This  dissociated  may 
occur  in  the  low  pressure  NTR,  how  much  is  to  be  determined 

The  following  chart  provides  data  on  fuel  temperature  limits  for  different  fuel  compositions 
and  endurance  as  a function  of  temperature  for  different  types  of  fuel. 

NTR  Shielding.  Shielding  must  be  provided  not  only  from  direct  radiation  and  particle 
emission  from  the  reactor  core,  but  also  from  secondary  radiation.  Secondary  radiation  is 
caused  by  the  reactor  bombarding  parts  of  the  NTR  engine,  such  as  the  nozzle,  which  in 
turn  become  neutron  activated  or  cascade  generate  additional  particles.  Thus  the  shield 
must  be  sized  to  cover  all  engine  components  on  the  reactor  side  from  viewing  by  any  of 
the  spacecraft  parts  on  the  shielded  side.  Two  charts  show  the  configuration  implications 
of  this  requirement. 

Structural  Trade.  Consideration  was  given  to  combining  the  use  of  the  propellant  tanks 
as  structural  elements.  It  turns  out  that  the  tanks,  if  designed  for  one  atmosphere  internal 
pressure,  are  designed  for  a tensile  load  of  2 million  pounds.  This  is  far  in  excess  of  the 
NTR  engine  thrust,  so  keeping  the  tanks  as  structure  imposes  a mass  penalty.  The 
preferred  alternative  is  to  drop  tanks  and  use  a truss  type  structure. 

Relative  Development  Effort  Comparison.  Estimates  of  the  development  effort  for 
each  propulsion  element  in  a total  Lunar/Mars  program  were  made  for  various 
combinations  of  propulsion.  The  nuclear  thermal  rocket  yielded  the  lowest  effort  estimate 
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on  a relative  scale.  This  is  only  a gross  comparison,  not  considering  the  differing  cost  of 
propulsion  developments. 
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technology  NERVA  derivatives. 


Early  NTR  Concepts 


70'S  NERVA  ENGINE 
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Advanced  Propulsion  System  Characteristics 
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Distinctions  between  Low  Pressure  NTR  Reactor 
Concept  and  demonstrated  NERVA  Reactor 


Particle  Bed  Reactor  Concept 

Characterized  by  High  Engine  T/W 
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2016  Advanced  NERVA  NTR  Reference  Vehicle  Sensitivity  to  Isp  and  Engine  T/W 
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2016  Advanced  NERVA  NTR  Reference  Vehicle 
Sensitivity  to  Isp  & Engine  Trust  to  Weight  Ratio 
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HYDROGEN  DISASSOCIATION 
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Temperature  (Deg  K) 


NTR  Vehicle  Isp  as  a Function  of  Hydrogen  Temperature  and  Pressure 
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The  same  data  as  above,  plotted  vs  chamber  pressure  on  the  x axis. 


D615  100263 


tow  JWU  n • 

Chamber  Temperature,  Tc,  (K)  Chamber  Pressure,  Pc,  psia 

ui  Isp  in  vacuum  for  gaseous  normal  hydrogen  assuming 
^ equilibrium  composition  during  an  isentropic  expansion 
to  a pressure  ratio  of  1000 


(1)  Fuel  element  temperature  limits 

ref:  Nuclear  Space  Propulsion,  H.  F.  Crouch,  1965 
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NTR  Solid  Core  Fuel  Element  Temperature 
and  Endurance  Limits 
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NTR  shadow  shield  configuration 
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NTR  Shadow  Shield  Configuration 
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Truss  vs  Tank  for  Structure  Trade  - 2016  Ref  NTR  Veh 

keep  or  drop  Mars  Qrbit  Capture  (MOC)  tanks  6/8/90 


D615- 10026-3 


Trass  vs  Tank  for  Structure  Trade  - Results 
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2010  Mission  IN  I K Vehicle  Truss  vs  1 anK  1 raae  rarameinc  u aia 

Y eh  mass  delta* s (between  refveh  & *tank  return* alternate  veh)  vs  MOC  tank  wt  returned 


Mars  orbit  capture  (MOC)  tank  wt  returned  to  Earth,  kg 
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Major  Propulsion  Element  List  for  Specific  Vehicle  Sets 

to  Satisfy  Lunar  & Mars  Objectives  of  2000-2030  SEI  Program 
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Legend:  (I)  least  development  effort;  (6)  most  development  effort 
Expected  total  resources  that  must  be  expended  for  such  a propuls 
element  to  acheive  flight  readiness 


This  page  intentionally  left  blank 


1)615-10026-3 


272 


273 


D615- 10026-3 


PRECEDING  PAGE  BLANK  NOT  FILMED 


This  page  intentionally  left  blank 


D615- 10026-3 


274 


Reference  Vehicles 

Size  Comparison 
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Weights  Statement 
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Weight  Statements 

Summary  and  detailed  weight  estimates  are  provided  for  the  Nuclear  thermal  rocket  vehicle 
for  the  2016  opposition  mission  opportunity.  Assumptions  made  in  the  weight  estimates 
include: 

• Crew  size  of  4 

• No  Earth  capture  crew  return  vehicle 

• Mission  duration  of  434  days. 

• Improved  technology  (post- 1990)  for  component  weights  (see  technology 
section).  The  reference  mass  for  this  mission  case  is  800  tons  in  low  Earth  orbit 
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Mars  NTR  Reference  Vehicle  Weight  Statement 
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Reference  NTRVehicle  for  2016  Opposition  Mission 

Veh  return  to  Earth  for  Reuse , no  fiCCV,  Crew  of  4t  434  day  trip  time  Revision  5 5/22/90 
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all  masses  in  kg's 

Mac  chart:  M Ref  NTR  cover  pg 
synthesis  model  run#  marsntrmtv.dat;  161 ,183 


Desc  stage  - MEV  for  2016  Reference  NTR  Vehicle 

Crew  of  4, 4 adv  eng's;  Isp=475, 25 1 surf  cargo,  descends  from  250  km  alt  Rev  5 5/22/90 
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163]  Ase  veh  total  mass  22462  ail  masses  in  kg  synthesis  model  run#:  marslander. dot; U4 

Mac  chart  M Ref  NTR  MEV  ascvehwt  STCAEMlbbdJ22May90 


Ascent  Cab  - for  Reference  MEV  Vehicle 

Crew  of  4,  3 day  occupancy  time  Revision  2 5/22/90 
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synthesis  model  run  number:  mar sn\r.dat, 
Macchart:M  Ref  MEVasc  cab  wl-ralio* 


Crew  habitat  module  - MTV  for  2016  NERVA  NTR  Ref  Vehicle 

Zero-g,  Crew  of 4,  434  day  total  trip  time  Revision  6 5/22/90 


S .O 

« ea 

y SE 


V3 


Si 

1 

s 

•a 

s 

§ 


2 

j 

.s 


8 

o 

8 : 
>6  6. 
i!| 

Ill 

O B C 
O « 
g 00  00 

c « i: 

Ann 


>©  ©OK 


S |5 


* co  * 
5 o s 

fS5li 


D615- 10026-3 


285 


Af/V  Aot  mod  consumables , resupply , and  /ro/twf  science  dependant  on  mission  duration , and  /re*  abort  Mac  chart:  M Ref  MTV  mod  wi  rationale 

requirement,  i.e.  crew  mod  wet'  wt  will  vary  for  different  missions  synthesis  model  nm»  msrschenuntv.dai;21 


2016  NERVA  NTR  Reference  Vehicle: 

Frame , propulsion  sys,  & shield  wt:  Isp  = 925  Rev  5 5/22/90 
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Mars  dep  & Earth  capt  stages  - 2016  NERVA  NTR  Ref  Veh 

14%  tank  fraction,  3%  cooldown  penalty,  2%  prop  margin,  Isp  = 925  sec  Rev  5 5122190 
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|572)  Combined  Mars  dep/Earth  arr  100846  Total  for  * Mars  dep/Earth  arr  tank  set  * at  time  of  TMI  bum 
tank  set  A propellant  load 

[171]  IMLEO  735190  Mac  Chart:  M NTR  E arr  wr 

Boeing  vehicle  synthesis  model  run  H:  marsntrmtv.dat;55 
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Nuclear  Thermal  Rocket  Vehicle 
Artificial  Gravity  Configuration 

The  NTR  artificial  gravity  configuration  spins  nominally  at  3.98  rpm  outbound  (56.5  m to 
create  lg)  and  3.83  rpm  inbound  (61  m to  create  lg).  The  truss  used  is  similar  to  the  Og 
configuration  but  optimized  for  a gravity  field,  thus  increasing  mass.  The  spin  radius  of 
the  vehicle  does  not  change  very  much  because  the  Earth  departure  and  Mars  arrival  tanks 
are  placed  on  the  vehicle  CM.  The  vehicle  has  nominally  4 spin-up/spin-down  cycles  and 
used  the  Earth  arrival  propellant  and  reactor  as  countermass. 

The  NTR  configuration  is  probably  the  least  affected  by  artificial  gravity  of  any  of  the 
reference  vehicles.  The  main  changes  to  the  vehicle  are  a longer,  heavier  truss  to  facilitate 
gravity,  and  added  RCS  and  TMI/TEI  propellant.  Other  complications  of  artificial  gravity 
are  the  spin- up/spin-down  cycles  and  the  "despun  joints"  required  for  power  and 
communication. 
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Artificial  Gravity  (ga)  Assessment 
Assumptions 
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Artificial  Gravity  (ga)  Assessment 
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Artificial  Gravity  (ga)  Assessment 
Assumptions 


NTR  Vehicle  Features 
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-/STCA  EM/sdc/3 1 May  90 


g,  NTR  Configuration 
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NTR  Configuration 
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(l/3g)  NTR  Configuration 
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NTR  Mass  Statement 
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Art  e spintip  sys  wt,  in  addition  to  all  masses  in  kg's 

nominal  maneuver  RCS  sys  Mac  chan:  M Ail  g 2016  NIK  cover  |>g 

' synthesis  modclrun*:maisnuoilv.tlai;l80,IHI 
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ga  NTR  Penalty  Assessment 
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Artificial  Gravity  Options/  Alternatives 


An  investigation  was  made  of  using  an  artificial  gravity  NERVA-type  NTR  vehicle  on  a 
low  energy  2025  conjunction  mission  to  carry  two  and  three  mini-landers  (.  small 
MEV’s)  These  would  be  used  for  short  duration  manned  surface  missions  with  scmie 
cargo  capability  at  more  than  one  landing  site  or  as  rescue  backups  for  a damaged  lander. 
They  were  traded  for  IMLEO  varying  crew  size  with  Isp  and  MLEO  to  cargo  weight  as 
well  as  the  level  of  the  gravity  conditions  in  transit.  Shown  arc  the  configurations  and 
weight  statements  developed  for  the  two  and  three  lander  artificial  gravity  vehicles  tor  a 
2005  conjunction  mission  with  0.3  Earth  gravity  ( Mars  gravity  level). 
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Results  are  shown  on  the  following  two  charts 


in  (l/3g)  NTR  Configuration 
(2005  Conjunction  Mission) 
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conjunction  inukva  IN1K  Vehicle  Trades 
Effect  of  Crew  Size,  Eng  Isp,  Mars  Orbit  Cargo,  & Earth  Return  Option  on  Veil  IMLEO 
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2005  Conjunction  NERVA  NTR  Vehicle  Art-g  Trade 

Effect  of  Artificial-g  level  & RCS  propellant  choice  on  Vehicle  IMLEO 
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2005  Conjunction  NERY  NTR  Vehicle  Trades 

Effect  of  Crew  Size,  Eng  Isp,  Mars  Orbit  Cargo,  & Earth  Return  Option  on  Veil  IMLEO 
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NTR  Isp,  sec  /stcaemawai^m  Cargo  wt  to  Mars  orbit,  kg 


Art-g  (Mars-g)  NTRVehicle  for  2005  Conjuction  Mission 

Nominal  payload:  2 x 73tMEV9s  (desc  only  aeroshell),  30k  science  cargo  to  mars  orbit  only , 
ECCV  crew  return , no  vehicle  reuse,  Crew  of 6, 983  day  trip  time 

TMl  dV:  4267  m/s  ( includes  300  m/s  g loss),  MOC  dV:  863  m/sec,  TEl  dV:  1179  mis  6/7/90 


Crew  hab  mod  - MTV  for  2005  Conj  Art-g  (Mars-g)  NTR  Veh 

Art-g  [Mars  g],  Crew  of 6,  983  day  total  trip  time  6/5190 


Q 

.2 

w. 

<3 

a; 


JP 


c 

5 

S3 


oo  m 
r* 

oo  r- 
© 


|g  B *2  * 


o S-B  * £ 5 a 

|| 

«-:©  occ|g£  «■  K 


O\o*r*©o©vv>©©< 
inmnconon  > 

~ ^ — ts  m~* 


p 

*5 

m 


4> 

* 

I 

o 

±3 

JB- 


* 

© w 

Cl  d 

a 

M __  U » 


U si  2 Si2l  £ 

ssi  if“  It  |!»|* 

S S Sf-stS 
2 u w os  £ < ua 


CO 


d 5 

UU 


s* 

n 

•S  S 

H A 

■BJ 

•a  v 
z fe 

Dv 

u: 

£S| 


Sri 

vo  cS'O-c^cnnjc 

m m n2nnriNnNn.-rt 


€ 5 


Q. 

CL 

a 

8 


I 


a-  *S 

5 w 2 

o\£>  E 

•PS  * 

<3  E ( 

ill 


?s  i 


o 

_ ui 
B-J 
=5.— 

2« 

v 


T3  t> 

S & 

S * 

C "9 
2 * 

•Sf 

o c 
8 % 
« a 
8s= 
> 8 
Sr -a 

28 
9 * 
© «> 

11 

z 

C 22 


OO 


geo 

E E 

Q.  g 

S*  t 

O O 
o JO 

£ a 

J £- 

K S 

n £2 

|i 


«o  r- 
vo  m 


2!  = 
«a  w J2 


S=  &!§ 

i K k 

« Cl. 

So  5 

*■  JJ 

B £ u 

(LL  . O 

-a  £-£ 
5=  • o 
£ 

| E 8 

V,  S « 

JSa£ 

g|C 

o ^ o 
*a  c cq 

2 S 


*8 

E 


!# 

:85 

U *f>  C 

^ j5‘*. 

Mr-e  SL" 

JH  «»j 

8 ECO 

® ■ d 
ii“ 

2£S 
«o^  ° 
w E ° 

sis. 

* E >. 

« id 
£ Eeo 
H 5&o 


u 

K 

*5 

* 

s 

o 

•5 

5 

_>% 

S 

E 


V5 

1 1 
> c3 

I! 

! 

if 

w a 

B.«j 

U .S 
U K 

s * 

« E 


_ » 

*52 

<2  a 

~ > 

i 5 

8 


!i 

8 E 
o a 

o o 

— o 


s 

5 


I 

•» 

5| 

I k 

. *» 

^ E 

& 


a 

s 


•o  i 
03  *0 
J=  0, 

^3 

V *C 

t-  o 
U s 


OD 


«0  ^ 

V J 

S g- 
« S" 
S S 

3 ® 

V) 


* D615- 10026-3  o 1 


316 


* MTV  hab  mod  consumables,  resupply,  and  transit  science  dependant  on  mission  duration,  and  free  abort  Mac  chart:  M NTR  2005  Conj  mod  An  g 

requirement,  i.e.  crew  mod  wet  wtwill  vary  for  different  missions  , synthesis  model  runU  marsntrmtv.dat;l78 

/STCAEM/bM/31Miy90 


2005  Conj  Art-g  (Mars-g)  NERVA  NTR  Vehicle: 

Frame , propulsion  sys,  Artificial -g  sys , & shield  wt:  Isp  = 925  615190 
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M:»c  CIiiiiI:  M NTR  2005  Conj  Frame  Art  g 

>/STCAEM/bbd/31May90  Synthesis  imxlti  inn  H:  m;irsnlmilv.il;il;l7R 


Mars  dep  & Earth  capt  stages  - 2005  Conj  Art-g  (Mars-g)  NTR  Veil 

14 % tank  fraction , 3%  cooldown  penalty , 2%  prop  margin , Isp  = 925  sec  6/5/90 
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Earth  dep  stg  & Mars  capt  prop  - 2005  Conj  Art-g  (Mars-g)  NTR  Veh 

14  % tank  fraction,  3%  cooldown  penalty,  2%  prop  margin,  Isp  = 925  6/5/90 
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Support  Systems  for  the  Mars  Nuclear  Thermal  Rocket  Vehicle. 

The  support  systems  necessary  for  the  Mars  Nuclear  Thermal  Rocket  Vehicle  are  very 
similar  in  nature  to  those  of  the  Mars  Cryo/Aerobrake  Transfer  Vehicle.  The  discussion 
provided  for  the  latter  vehicle  also  applies  generally  for  theNTR;  however,  detailed 
analysis  for  the  specific  systems  needed  to  support  the  NTR  have  not  been  completed.  It 
is  currently  assumed  that  this  study  will  mainly  consist  of  only  deltas  from  the 
Cryo/Aerobrake  Vehicle.  Some  manifesting  work  has  been  done  for  the  major  components 
of  the  NTR  (as  given  on  the  following  pages)  using  two  different  HLLV  scenarios  (each 
assumes  the  integrated  aerobrake  "Ninja  Turtle"  launch  concept): 

1)  10  meter  x 30  meter  shroud,  140  metric  ton  payload  capacity 

2)  Mixed  fleet  consisting  of: 

a)  7.6  meter  x 30  meter  shroud,  120  metric  ton  payload  capacity;  and, 

b)  10  meter  x 30  meter  shroud,  84  metric  ton  payload  capacity 

The  total  number  of  assembly  missions  for  Scenario  One  is  7,  while  Scenario  Two  requires 
9 flights.  For  the  mixed  fleet  option,  only  the  first  and  possibly  last  two  assembly 
missions  utilize  the  120  mt  payload  earner.  This  is  due  to  NTR  launch  packages  being 
limited  as  much  by  volume  as  by  mass.  Scenario  One  and  Two  also  differ  in  that  the  first 
assumed  that  the  MTV  habitat  should  come  up  early  (to  assist  in  man-tended  assembly 
operations)  while  the  second  delayed  the  MTV  habitat  until  Mission  Two  (for  use  in  ground 
test  and  verification). 

Due  to  the  mass  of  LH2  propellant  required  for  the  NTR  trans-Mars  injection,  these  tanks 
could  only  be  partially  full  at  ETO  launch.  The  payload  mass  limitation  of  the  Scenario  One 
HLLV  resulted  in  26.6  mt  of  offloaded  propellant  which  was  carried  to  orbit  on  Mission 
Seven  (this  assembly  flight  may  use  a smaller  ETO  vehicle  depending  on  tanker  design). 
The  Scenario  Two  (B)  HLLV  required  a propellant  offload  of  152.1  mt  This  offloaded 
propellant  was  carried  up  on  Missions  Eight  and  Nine  and  may  be  accommodated  by  either 
the  (A)  or  (B)  HLLV  These  manifests  assumed  an  Earth-based  cryo  tanka-  for  "topping 
off”  the  NTR  tanks;  however,  an  on-orbit  cryo  depot  is  anotha  option  which  is  currently 
being  studied. 

The  manifests  given  within  have  not  yet  been  based  on  detailed  ground  processing  and  on- 
orbit  assembly  analyses.  The  philosophies  and  facilities  chosen  for  ground  operations  (test 
and  verification  plans,  payload  processing,  integrated  assembly  & checkout  facilities,  etc.) 
and  assembly  operations  (Assembly  Node  location  and  capabilities,  robotic  and  man-tended 
provisions,  etc.)  will  obviously  mature  this  manifesting. 

Both  the  NTR  and  the  Nuclear  Electric  Propulsion  (NEP)  vehicles  have  the  added 
constraint  of  nuclear  safe  orbit  considerations..  The  nuclear  safe  orbit  (NSO)  has  been 
customarily  set  at  800  km  for  300  year  life.  The  trade  of  whetha  to  assemble  the  NTR  at 
NSO  or  to  build  it  at  a lower  orbit  has  not  been  completed;  however,  access  to  SSF, 
minimal  assembly  AV  requirements,  and  natural  radiation  protection  afforded  by  Low  Earth 
Orbit  assembly  indicate  this  to  be  a favorable  choice.  For  NTR,  the  amount  of  fission 
products  produced  even  after  a full  Mars  mission  is  about  250  grams;  "cool"  enough  to  do 
operations  in  as  little  as  20  km  from  the  Space  Station.  This  is  closer  than  the  debris 
environment  constraints  of  150  km  from  the  Space  Station. 
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Operations  Analyses  and  On-Orbit 
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Systems/Services  Indicated  as  Available  from  Vehicle  Exist  Only  After  They  Have  lleen  Assembled 
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On-orbit  Assembly  Concepts  - continued 


Tetliered-Off-SSF  Assembly 


Dedicated  Vehicle  Assembly  Platform  Features 
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Smart"  HLLV  Assembly  Platform 
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Undeployed  Radiators 
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Temporary  scaffolding  may  be  used  as  needed 


First  Element  may  be  assembled  with  its  Orientation  parallel  (as  shown)  or  perpendicular  to  SSF,  depending  on 
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Tethered-Off-SSF  Assembly  Concept 


caused  by  assembly  or  propellant  operations 
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Smart"  HLLV  Platform:  NTR 
Assembly  Assumptions 
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Smart"  HLLV  Platform:  NTR  Assembly 
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I-Beam  Platform:  NTR  Assembly 


I-Beam  Platform:  NTR  Assembly 
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NTR  Component  Manifest  Data 


These  represent  launch  package  dimensions,  not  mission  configuration 


NTR  Component  Manifest  Data-  continued 


NTR  - Manifesting  and  Packaging 

(10m  x 30m  Shroud,  140  ml  HLLV  using  Dedicated  Platform) 


NTR  - Manifesting  and  Packaging  (continued) 

(10m  x 30m  Shroud,  140  mt  HLLV  using  Dedicated  Platform) 


(These  components  are 
integrated  as  a single  package) 


NTR  - Manifesting  and  Packaging 

(10m  x 30m  Shroud,  140  mt  HLLV  using  I-Beam  Platform) 


NTR  - Manifesting  and  Packaging  (continued) 

(10m  x 30m  Shroud,  140  mt  HLLV  using  I-Beam  Platform) 


NTR  - Manifesting  and  Packaging 

(10m  x 30m  Shroud,  140  mt  HLLV  using  "Smart"  HLLV  Platform) 


NTR  - Manifesting  and  Packaging  (continued) 

(10m  x 30m  Shroud,  140  mt  HLLV  using  "Smart"  HLLV  Platform) 


TR  - Manifesting  and  Packaging 

(Mixed  HLLV  Fleet,  using  "Smart"  HLLV  Platform) 
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NTR  On-Orbit  Assembly  Assumptions 
Using  Dedicated  Assembly  Platform 
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• Platform  is  equipped  with  communications,  data,  reboost,  attitude  control  equipment 
and  debris  shielding  where  needed. 


Subassemblies  to  stand-by  mode  = .5  day 
Mechanical  Fastening  of  components  = .18  day 
Crew  processing  for  flight  = .25  day 


MEV  AEROBBAKE  MISSION  ONE 


378 


D615- 10026-3 


NTR  MISSION  TWO 
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IEST  AND  AS*  AM 
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MEV  ASCENT  SYSTEM  NTR 
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NTR  MTV  HAB  MODULE  ASSEMBLY 
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EVA/ ROBOTIC  I I EVA/ ROBOTIC 
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NTR  MCRV  ASSEMBLY 
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OCCK  OUT  Of 
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NTR  OFFLOADED  PROP  TRANSFER 
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Ground 
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lirouncl  Rules  and  Assumptions  for 
Ground  Processing 
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NTR  MMV  System  Interfaces  (Top  Level) 
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TMI  and  MOC 

tanks 

systems 
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Sequential  Interface  Verification 


NTR  Ground  Processing  Functional  Flow 
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NTR  Ground  Processing  Functional  Flow  - continued 


NTR  Ground  Processing  Functional  Flow  - continued 


Propellant  System  for 
Launch 
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Summary  (Ground  Processing,  Manifesting, 
On-Orbit  Assembly) 


X 

e 

CJ 

05 

m* 

ca 

o 

60 

> 

60 

ca 

X 

g 

>> 

ca 

M 

<u 

*53 

■4a* 

60 

ca 

1 

o 

CO 

CO 

GO 

ao 

a> 

2 

•o 

§ 

1 

0 

1 

2 

o 

a 

w 

X 

c 

o 

£ 

w 

c 

05 

00 

CO 

C 

£ 

05 

> 

45  « 
<5  c 

£ 

<4-» 

•c 

i © 

U 

ca 

o 

75 

£ E 

z 2 


! >%i  *" 

Is  « s> 

&z 

■O  o/Sb  § 

• is  n > 
“ o J4-0 
§ ca  w « 

1 S 5 ca 

| il-S 

O O T 

z 4 \ y s. 


-Srs 

e « e £ 
.►52 

81 M K 

1*2  || 

0 o p S 
> J S.S 

.►»:=  S 
e S-s  8 

si  S'  5 

1 = s-§ 

- -SC  ^ 

•§>?=  •§  - 
5=  c k 2 

>»  o E 2 
| S<S 

* I I 

60 

60 

< 


Z 2 « 
■g  S.  O 

2 o-o 

0 O 

1 £f 

ail 

® E *o 

T5  3 s- 
o c 3 
^ u « 
= £?  8 
S-SS 

0 «,a 
5 Eo 

S'  *3  <5 
is  o*Z 

1 2 E 

els 

!&«2 

S g.3 

2P  B*  ca 

See 
00  & .2 


60  3 
05  <c 

•am  fj 

= 2 
•O  tc 
ca  ca 

o.>- 

ca  75 

U *s 


D615- 10026-3 


VI . Implementation  Plan 


D615-10026-3 


437 


This  page  intentionally  left  blank 


* 


D615- 10026-3 


438 


‘ ■ M 


Technology  Needs  and  Advanced  Plans 


D615- 10026-3 


PRECEDING  PAGE  BLANK  NOT  FILMED 


D615- 10026-3 


440 


Technology  Issues  - NTR 


Introduction 

Technology  issues  relating  to  the  NTR  vehicle  are  presented  in  this  section.  Some 
of  the  charts  are  also  included  in  the  Cryo,  NEP,  and  SEP  IP&ED  documents.  TCie  focus 
of  this  section  will  be  to  bring  out  those  issues  important  to  the  NTR  from  these  charts,  and 
to  present  a series  of  technology  level  requirements  necessary  for  the  reference  NIK 
vehicle.The  most  important  technology  development  needs  for  NTR  are  in  the  areas  or 
nuclear  thermal  engine  development  and  testing,  and  low  heat  leak,  minimum  mass  Lrl2 
tankage. 

Technology  commonality  Issues 

The  following  nine  chans  lay  out  the  important  technology  commonality  issues 
between  the  major  propulsion  options  as  well  as  across  the  seven  major  mission 
architectures  identified  in  this  study.  The  NTR  vehicle  exhibits  commonality  to  the  other 
vehicles  in  several  important  areas.  The  transfer  crew  module  is  substantially  the  same  as 
the  other  options.  The  MEV  is  identical  across  all  vehicle  options,  except  for  the  cryogenic 
propellant  management  and  storage  system,  which  must  provide  storage  for  the  outbound 
trip,  instead  of  transferring  it  from  larger  tanks  prior  to  landing  (at  least  for  02).  The  LH2 
storage  and  propellant  management  system  design  will  be  similar  to  that  necessary  for  the 
chemical  vehicle.  The  demands  placed  on  the  avionics  system  for  the  NTR  system  are 
similai  to  those  for  any  high  thrust  system.  Finally,  in-space  assembly  issues  should  be 
similar  for  the  NTR  and  cryo/aerobraked  vehicle,  with  the  exception  of  the  related  nuclear 

issues  associated  with  the  NTR.  . 

The  seven  identified  Lunar/Mars  mission  architectures  verses  the  required 
component  technologies,  enabling  and  enhancing,  are  shown  on  the  next  set  of  charts  and 
facing  page  text.  Many  of  these  component  technology  issues  are  common  across  the  listed 
architectures.  These  issues  are  for  the  entire  integrated  architectures,  and  do  not  necessarily 
refer  specifically  to  the  NTR  vehicle.  The  areas  of  multi-MW  nuclear  thermal  energy 
production,  and  high  temperature  fuel  element  materials  are  the  primary  areas  of  technology 
development  concern  for  the  NTR  option.  Commonality  to  the  initial  cryogenic  vehicles 
could  enhance  the  NTR  as  a growth  option,  while  the  near-term  nature  of  the  related 
technologies  would  qualify  it  as  an  alternative  to  a cryo genic/aerobraked  mission. 

Technology  Development  Concerns 

As  noted  before,  many  of  the  identified  critical  aud  high  leverage  technology 
development  issues  are  common  across  all  four  major  vehicle  options.  Common  critical 
technology  issues  include  low-g  human  factors,  autonomous  system  health  monitoring, 
long  term  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECLSS),  long 
duration  ECLSS,  radiation  shelter  material  and  configuration,  and  in-space  assembly. 
Unique  NTR  technology  issues  include  high  temperature  fuel  element  materials,  high 
power  reactor  advanced  development,  and  reactor  shielding.  Enhancing  technologies 
include  cryogenic  refrigeration  (lander  tanks),  02-H2  RCS,  advanced  in-space  assembly 
techniques,  and  advanced  structural  materials  development. 
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NTR  Vehicle  Technology  Requirements 

Technology  performance  levels  required  for  the  NTR  reference  vehicle  are  outlined 
in  the  next  six  charts.  These  are  not  intended  to  be  the  levels  needed  for  a minimum  NTR 
vehicle,  but  serve  mainly  to  document  the  levels  required  to  accomplish  the  identified 
reference  mission  profile  with  the  vehicle  model  as  configured.  Changes  to  these 
specifications  would  not  necessarily  affect  the  feasibility  of  a NTR  mission,  but  would 
change  the  reference  vehicle  configuration.  The  list  also  includes  operational  requirements 
which  could  drive  technology  development  or  advanced  development.  An  example  of  this 
could  be  the  required  engine  gimble  angle  which  would  drive  reactor  design. 

NTR  Technology  Development  Schedule 

The  final  chart  in  this  section  is  a proposed  technology  development  schedule  for 
the  nuclear  electric  propulsion  option.  The  schedule  shows  that,  given  a FT  ‘91  start,  the 
SEP  vehicle  could  be  ready  for  a Mars  mission  in  the  2009  timeframe.  A full  scale  decision 
point  is  also  highlighted  during  year  7.  This  is  the  point  where  a commitment  should  be 
made  for  full  scale  finding  and  development  of  the  program. 
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Technology  Commonality  and  Differences 


Required  Technologies  ?s.  Alternative  Mission 

Architecture 
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Required  Technologies  vs.  Alternative  Mission 

Architecture 
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Required  Technologies  vs.  Alternative  Mission 
Architecture  (Cont.) 
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Required  Technologies  vs.  Alternative  Mission 
Architecture  (Cont.) 
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Mars  NTR  Vehicle  Technology 
Requirements 
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Mars  NTR  Vehicle  Technology 
Requirements  (cont.) 
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Mars  NTR  Vehicle  Technology 
Requirements  (cont.) 
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2.  Open  ECLSS  (LiOH,  no  H2O  recovery). 

3.  Residence  time:  2-3  days. 

4. Propulsion:  RCS  only. 


Mars  NTR  Vehicle  Technology 
Requirements  (cont.) 


455 


Mars  NTR  Vehicle  Technology 
Requirements  (cont.) 
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. f.  Structure  material:  Carbon  Magnesium  ribs  (Ouit  = 200  ksi)  bonded 
to  titanium  honeycomb  shell. 

g.  TPS  material:  Advanced  reradiative  tiles. 

h.  Relative  wind  angle  (reference)  = 20°. 


Mars  NTR  Vehicle  Technology 
Requirements  (cont.) 
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Critical  Lunar/Mars  Reference  Technology 
Development  Concerns 
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Critical  Lunar/Mars  Reference  Technology 
Development  Concerns 
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Preliminary  Identified  Lunar/Mars  Reference 
High  Leverage  Technology  Issues 
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Schedules 
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Technology  Development  Concerns  and  Schedules  - Nuclear  Thermal 
Propulsion  (NTP) 


Critical  technology  development  issues  relating  to  the  reference  NTP .vehicle  are 

35gi5£»WSSiKStt« 

possible. 

SSWfeSSSS^tiS 

The  largest ; single  twhnology  de' v^^«yT^|r^nuclSr^^  were  carried  out  in  a 
facility  design  and  development  The  NE  program  ^ closed  in  order  to 
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Cryogenic  Fluid  Management  ired  for  ntp  Mars  missions  increases  the 
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produced,  however.  A technology  development  schedule  for  advanced  communications  is 
presented. 

Life  Support 

A reliable,  redundant  long  term  life  support  system  will  be  enabling  for  future 
exploration  missions.  The  degree  of  closure  of,  and  the  reliability  of  the  system  are  the 
major  technology  development  concerns.  Low-g  human  factors  determination  will  also  be 
an  important  technology  consideration  which  will  drive  vehicle  design.  An  integrated 
schedule  of  the  major  areas  of  the  life  support  technology  development  task  are  presented. 
It  includes  radiation  shielding  and  materials,  regenerative  life  support,  and  EVA  systems 
development  As  before,  the  points  where  Lunar  and  Mars  full  scale  development  decisions 
can  logically  be  made  in  the  technology  program  are  highlighted 

Aerobraking  (low  energy) 

Low  energy  aerobraking  will  offer  mission  benefits  in  the  areas  of  decreased 
demands  on  the  descent  propulsion  system,  and  improved  crossrange  capability.  This  area 
presents  a variety  of  issues  for  technology  development  including  high  strength  to  mass 
ratio  structural  materials,  high  temperature  thermal  protection  systems  (although  not  as  high 
as  for  high  energy  aerobraking),  avionics,  assembly  and  operations,  hypersonic  test 
facilities  and  computer  codes,  and  Mars  atmosphere  prediction.  High  strength  structural 
material  options  include  metal  matrix  composite,  organic  matrix  composite,  and  advanced 
carbon-carbon  elements.  Other  structural  considerations  include  load  distribution  and 
attachment  of  payload  for  aerocapturc,  and  ETO  launch  and  assembly  of  large  structures. 
Thermal  protection  systems  issues  include  low  mass  ablative  and  reradiating  materials,  and 
structure/rPS  integration  issues.  The  aerobrake  maneuver  will  place  considerable  demands 
on  the  vehicle  avionics  system  with  the  need  for  real  time  trajectory  analysis,  and  vehicle 
guidance  and  control.  The  launch  and  assembly  of  the  large  aerobrake  structure  will  present 
ground  and  space  assembly  and  ops  problems  which  will  require  technology  and  advanced 
development  in  both  the  areas  of  design  and  operations.  Finally,  computational  analysis 
and  atmosphere  prediction  capability  will  be  critical  in  the  development  of  a man-rated 
aerobrake  for  Mare  use.  A preliminary  development  schedule  for  Lunar  and  Mare  aerobrake 
technology  development  is  presented.  It  includes  the  major  milestones  for  both  ground  and 
flight  testing.  The  points  where  a Lunar  and  Mare  full  scale  development  decision  can  be 
made  are  also  highlighted  on  the  schedule.  It  should  be  noted  that  this  schedule  was  built 
with  high  energy  aerobraking  in  mind,  and  will  possibly  be  compressed  to  some  degree  if 
only  low  energy  aerobraking  is  developed. 

In-Space  Assembly  and  Processing 

The  in-space  assembly  and  processing  of  large  space  transfer  vehicles  will  present  a 
variety  of  technology  advanced  development  challenges,  particularly  for  the  large  LTV  and 
MEV  aerobrakes.  As  shown  on  the  accompanying  schedule,  extensive  ground  tests  must 
occur  before  any  orbital  work  can  be  initiated.  The  vehicle  designs  will  be  driven  to  a large 
degree  by  the  assembly  facilities  and  technologies  seen  as  being  available  during  the  vehicle 
buildup  sequence. 

Summary 

As  noted  before,  many  of  the  identified  critical  and  high  leverage  technology 
development  issues  are  common  across  all  of  the  major  vehicle  options.  Common  critical 
technology  issues  include  low-g  human  factors,  autonomous  system  health  monitoring, 
long  term  cryogenic  storage  and  management  (H2,  and  possibly  02  for  ECLSS),  long 
duration  ECLSS,  radiation  shelter  material  and  configuration,  and  in-space  assembly. 
Unique  NTP  technology  issues  center  around  nuclear  reactor  and  engine  systems 
development.  Common  enhancing  technologies  include  cryogenic  refrigeration  (lander 
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tanks),  02-H2  RCS,  advanced  in-space  assembly  techniques,  higher  Isp  cryogenic 
engines,  and  advanced  structural  materials  development 
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Advanced  Propulsion  Technology  Development  Schedule  - NTP 
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Preliminary  SEI  Technology  Development 

Schedules 


Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 
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Preliminary  SEI  Technology  Development 

Schedules  (Cont.) 
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.a  - Key  component  tech,  for  Ka  band,  TWT, 
♦ Lunar  FSD  Mars  FSD  ▼ and  Ka  band  MM  1C  amps  formulated 

b - Automated  high  rate  comm  ops  for 
Lunar  outpost  & Mars  robotic  demo. 
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Facilities 
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Facilities 


The  facility  needs  have  only  been  identified  in  this  study;  the  extent  of  the  impact  is  yet  to 
be  determined.  A "bona  fide"  facility  development  plan  has  not  been  done  as  some  of  the 
requirements  are  only  at  a top-level  needs  evaluation.  Therefore,  the  exact  nature  of  the 
subsystems  and  their  support  facilities  are  undetermined.  When  these  determinations  have 
been  made  for  the  final  NASA  selected  vehicle,  the  results  must  be  integrated  with  the 
vehicle  development  schedule. 

In  addition  to  the  information  here,  additional  facility  and  equipment  detail  is  shown  in 
Ground  subsection  of  the  Support  Systems  section  of  this  text  A current  listing  of  the 
additional  required  facilities  and  equipment  is  shown  in  the  "Special  Ground  and  On-Orbit 
Processing  Facility  and  Equipment  Requirements"  chart  for  processing  the  advanced 
vehicles.  These  requirements  will  impact  the  volumes  shown  for  assembly,  storage,  and 
launch  processing  in  the  'Tacilities  Requirements"  chart  as  well  as  the  processing  time 
shown  in  the  "Assembly  Tune  per  Mission"  chart.  The  information  there  is  for  the  baseline 
Cryo/Aerobrake  vehicle.  All  impacts  will  be  to  increase  the  processing  time  and  working 
volumes  required.  Any  facility  requirements  must  be  viewed  in  the  light  of  and 
incorporated  into  the  National  Launch  Facility  Plan. 
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Facility  Requirements 
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21207.95 
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Nuclear  Thermal  Rocket 


Programmatics 

The  objectives  of  the  Programmatics  task  during  the  current  phase  of  the  study  were:  (1) 
realistic  initial  schedules  that  include  initial  critical  path  program  elements,  (2)  initial 
descriptions  of  new  or  unique  facilities  requirements;  (3)  development  of  a stable,  clear, 
responsive  work  breakdown  structure  (WBS)  and  WBS  dictionary;  (4)  initial  realistic 
estimates  of  vehicle,  mission  and  program  costs,  cost  uncertainties,  and  funding  profile 
requirements;  (5)  initial  risk  analysis,  and  (6)  early  and  continuing  infusion  of 
programmatics  data  into  other  study  tasks  to  drive  requirements/design/trade  decisions. 

The  issues  addressed  during  the  study  to  date  included:  (1)  capturing  all  potential  long-lead 
program  items  such  as  precursor  missions,  technology  advancement  and  advanced 
development,  related  infrastructure  development,  support  systems  and  new  or  modified 
facility  construction,  since  these  are  as  important  as  cost  and  funding  in  assessing  goal 
achievability;  (2)  incorporating  sufficient  operating  margin  in  schedules  to  obtain  high 
probability  of  making  the  relatively  brief  Mars  launch  windows;  (3)  the  work  breakdown 
structure  must  support  key  study  goals  such  as  commonality  and  (4)  cost  estimating 
accuracy  and  uncertainty  are  recurring  issues  in  concept  definition  studies. 

Introduction 

The  study  flow,  as  required  by  MSFC’s  statement  of  work,  began  with  a set  of  strawman 
concepts,  introduced  others  as  appropriate,  conducted  "neckdowns",  and  concluded  with  a 
resulting  set  of  concepts  and  associated  recommendations. 

As  the  study  progressed,  much  discussion  among  the  SEI  community  centered  on 
"architectures".  In  this  study,  architectures  were  more  or  less  synonymous  with  concepts, 
since  the  statement  of  work  required  that  each  concept  be  fully  developed  including 
operations,  support,  technology,  and  so  forth. 

We  started  with  ten  concepts  as  shown  in  the  "Overall  Study  Flow"  chart.  After  the 
"neckdown"  was  completed,  significant  effort  was  put  into  programmatics. 
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As  was  indicated  earlier,  we  established  three  levels  of  activity  to  evaluate  in-space 
transportation  options.  The  minimum  was  just  enough  to  meet  the  President's  objectives; 
in  fact  "return  to  the  Moon  to  stay"  was  interpreted  as  permanent  facilities  but  not 
permanent  human  presence.  The  minimum  program  had  only  three  missions  to  Mars.  The 
median  (full  science)  program  aimed  at  satisfying  most  of  the  published  science  objectives 
for  Lunar  and  Mars  exploration.  The  maximum  program  aimed  for  industrialization  of  the 
Moon,  for  return  of  practical  benefits  to  Earth,  and  for  the  beginnings  of  colonization  of 
Mars.  The  range  of  activity  levels,  as  measured  by  people  and  materiel  delivered  to 
planetary  surfaces,  was  about  a factor  of  10.  The  range  of  Earth-to-orbit  launch  rates  was 
less,  since  we  adopted  results  of  preliminary  trade  studies,  selecting  more  advanced  in 
space  transportation  technologies  as  baselines  for  greater  activity  levels.  The  high  level 
schedules  developed  for  these  three  levels  of  activity  are  shown  in  the  "Minimum  Program, 
"Full  Science  Program"  and  "Industrialization  and  Settlement  Program"  chans  and  a 
comparison  of  them  for  both  Lunar  and  Mars  is  shown  in  the  "Lunar  Program 
Comparison"  and  "Mars  Program  Comparison"  charts. 

Schedule/Network  Development  Methodology 

A PC  system  called  Open  Plan  by  WST  Corporation  was  used,  which  allows  direct  control 
and  lower  cost  over  a larger  (mainframe)  system.  The  network  was  purposely  kept  simple. 
Summary  activities  were  used  in  development  of  the  networks.  When  detailed  to  a lower 
level,  some  activities  will  require  a different  calendar  than  we  used.  One  calendar  with  a 
five  day  work  week  - no  holiday  was  used.  Utilizing  multicalendars  on  a summary 
network  could  confuse  the  development.  The  Preliminary  WBS  Structure  Level  7 was 
followed  for  selection  of  work  to  be  detailed.  An  example  of  Level  7 is:  MEV  Ascent 
Vehicle  Structure/Mechanisms.  We  then  developed  a generic  logic  string  of  activities  with 
standard  durations  for  like  activities.  This  logic  was  then  applied  against  each  WBS  Level 
7 element.  To  establish  interface  ties  between  logic  strings  and  determination  of  major 
events,  we  used  the  Upper  Level  Summary  Schedule  and  Summary  Level  Technology 
Schedule. 
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Goals/Purpose 


There  were  two  goals  for  the  schedule/network  development  These  were: 

a.  Guidelines  for  Future  Development.  The  schedules  are  a preliminary  road  map  to 
follow  in  the  development  program. 

b . Layout  Basis  Framework  for  Network.  The  networks  can  be  used  for  future  detail 
network  development.  This  development  can  be  in  phases  retaining  unattended  logic  for 
areas  which  can  be  be  detailed. 

Status 

Six  preliminary  networks  have  been  developed.  They  are: 

- Lunar  minimum 

- Lunar  full  science 

- Lunar  industrialization 

- Mars  missions 

- Mars  full  science 

- Mars  settlement 


These  networks  will  be  further  developed  as  information  becomes  available  The  technology 
development  plan  schedules  are  shown  in  the  Schedules  section  of  this  text;  an  example  of 
the  standard  6 year  program  phase  C/D  schedule  is  shown  in  the  "Reference  6 yr..  Full 
Scale  Development  Program"  chart.  The  network  schedules  developed  during  the  study  are 
available  in  the  Final  Report  Cost  Data  Book. 

Facilities 

The  facility  requirements  and  approaches  are  discussed  in  the  Facilities  section  of  this  text. 
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Development  Implementation 


The  integrated  technology  advancement  and  full-scale  development  schedules  for  the  NTR 
is  shown  in  the  “NTR  Development  Program”.  The  MEV  is  developed  according  to  the 
above  mentioned  standard  6-year  FSD  schedule.  The  Man-raring  schedules  for  critical 
systems,  that  must  be  accomplished  before  first  flight,  are  given  in  the  next  several  man- 
rating charts.  The  long-duration  Mars  Tansit  Habitat,  and  its  critical  subsystems,  will 
require  operational  testing  in  space  to  qualify  for  the  Mars  mission.  How  all  development 
and  testing  is  actually  done  depends  on  program  interrelationships  between  lunar  and  Mars 

missions. 


Work  Breakdown  Structure 


The  approach  to  developing  a WBS  tree  and  dictionary  was  to  use  the  Space  Station 
Freedom  Work  Package  One  WBS  as  a point  of  departure  to  capture  commonality, 
modularity  and  evolution  potentials.  We  worked  with  MSFC  to  evolve  the  WBS  illustrated 
in  the  six  WBS  charts  given  in  this  section.  The  WBS  dictionary  details  are  provided  with 
the  WBS  tree  in  a separate  deliverable  document. 


Cost  Data 
Overall  Approach 


Space  transfer  concept  cost  estimates  were  developed  through  parametric  and  detail 
estimating  techniques  using  program/scenario  plans  and  hardware  and  software 
descriptions  combined  with  NASA  and  subcontractor  data.  Our  estimating  approach 
simulates  the  aerospace  development  and  production  environment.  It  also  reflects  program 
options  not  typical  of  aerospace  programs.  This  flexibility  allows  assessment  of  innovative 
program  planning  concepts. 
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Several  tools  were  employed  in  this  analysis.  For  developing  estimates  the  Boeing 
Parametric  Cost  Model  (PCM)  designed  specifically  for  advanced  system  estimating  was 
used.  It  utilizes  a company-wide,  uniform  computerized  data  base  containing  historical 
data  compiled  since  1969.  The  second  major  tool  is  a Boeing  developed  Life  Cycle  Cost 
Model.  The  third  tool  is  the  Boeing  developed  Return  on  Investment  (ROD  Analyses. 

The  approach  to  cost  estimating  was  to  use  the  PCM  to  establish  DDT&E  and 
manufacturing  cost  of  major  hardware  components  or  to  use  other  estimates,  (e.g.  Nuclear 
Working  Group  estimator)  if  they  were  considered  superior  and  then  feed  them  to  the  LCC 
model.  Variations  on  equipment  hardware  or  mission  alternatives  can  be  run  through  the 
LCC  and  then  compared  for  a return  on  investment.  This  flow  is  illustrated  in  t "Costing 
Methodology  How"  chart.  We  were  able  to  investigate  alternative  concepts  quickly,  giving 
system  designers  more  data  for  evolving  scenario/mission  responsive  concepts. 
Transportation  concepts,  trade  studies,  and  "neckdown"  efforts  were  supported  by  this 

approach. 


Parametric  Cost  Model 

PCM  develops  cost  from  the  subsystem  level  and  builds  upward  to  obtain  total  program 
cost.  Costs  are  estimated  from  physical  hardware  descriptions  (e.g.,  weights  and 
complexities)  and  program  parameters  (e.g.,  quantities,  learning  curves,  and  integration 
levels).  Known  costs  are  input  directly  into  the  estimate  when  available;  the  model 
assesses  the  necessary  system  engineering  and  system  test  efforts  needed  for  integration 
into  the  program.  The  PCM  working  unit  is  man-hours,  which  allows  relationships  that  ne 
physical  hardware  descriptions  first  to  design  engineering  or  basic  factory  labor,  and  then 
through  the  organizational  structure  to  pick  up  functional  areas  such  as  systems 
engineering,  test,  and  development  shop.  Using  man-hours  instead  of  dollars  for 
estimating  relationships  enables  more  reliable  estimates.  The  PCM  features,  mam  inputs, 
and  results  are  shown  in  the  "Boeing  Parametric  Cost  Model  (PCM)"  chart  The  applicable 
PCM  results,  in  constant  1990  dollars,  are  then  put  into  the  Life  Cycle  Cost  Model  to 
obtain  cost  spreads  for  the  various  missions/programs.  The  various  hardware  components 
costed  for  the  three  different  missions/programs  are  shown  in  the  "LCCM  Hardware 

Assignment " chart. 
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The  development  of  space  hardware  and  components  needed  to  accomplish  the  three 
different  Lunar/Mars  missions  were  identified.  These  components  are  grouped  into  three 
different  categories  defined  below. 

HI  I .VfHeavv  Lift  Launch  Vehicle)  is  the  booster  required  to  lift  personnel,  cargo  and 
fuels  into  LEO  and  support  the  LEO  node  operations. 

Propulsion  Includes  the  space  propulsion  system  required  to  transfer  people,  cargo  and 
equipment  out  of  LEO  and  into  space.  Space  means  Lunar,  Mars  and  Earth  destinations. 
Propulsion  Systems  also  include  an  all-propulsive  cryogenic  Trans  Mars  Injection  System 
(TMIS)  for  the  Minimum  Mission,  the  Nuclear  Electric  Propulsion  Stage  for  the 
Settlement/Industrial  Missions. 

Modules  Include  the  space  systems  that  are  required  to  transfer  people,  cargo  and 
equipment  from  LEO  to  Lunar  and  Mars  orbit;  to  de-orbit  and  sustain  life  and  operations  on 
the  Lunar  and  Mars  Surface;  and,  finally,  to  return  personnel  and  equipment  to  LEO. 


Cost  Buildups 

The  PCM  cost  Model  can  be  used  directly  to  obtain  complete  DDT&E  cost,  including 
production  of  major  test  articles,  by  entering  into  the  manufacturing  section  the  equivalent 
numbers  of  units  for  each  item,  including  the  first  flight  article.  However,  when  operated  in 
this' way,  PCM  does  not  give  the  first  unit  cost  To  save  time,  we  operated  PCM  so  as  to 
give  first  unit  cost,  which  we  needed  for  life  cycle  cost  analyses,  and  used  the  first  unit  cost 
to  manually  estimate  the  test  hardware  content  of  the  DDT&E  program.  The  "wrap  factors" 
shown  in  the  cost  buildup  sheets  were  derived  from  the  PCM  runs  as  the  factor  that  is 
applied  to  design  engineering  cost  to  obtain  complete  design  and  development  costs,  e.g. 
including  non-recurring  items  such  as  systems  engineering  and  tooting  development. 


Life  Cycle  Cost  Model 

The  LCCM  cost  data  is  a composite  of  HLLV  costs,  launch  base  facilities  cost  estimate 
based  on  $/sq.  ft.  and  parametric  estimates  derived  from  the  Parametric  Cost  Model.  The 
principal  source  of  information  is  from  the  PCM.  All  hardware  cost  estimates,  with  the 
exception  of  HLLV,  have  been  developed  with  this  model. 
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The  LCCM  consists  of  three  individual  models.  One  model  is  for  the  Minimum  Program 
Scale;  the  second  is  for  the  Full  Science  Program  Scale;  while  the  third  model*  or  e 
Setdement/Industrialization  Program  Scale.  The  Minimum  Pmgrnn  meets  the  Presiden 
Space  Exploration  Initiative  <SED  objectives.  These  capabilities  include  pennanent  Lunra 
facilities  but  no,  petmanen.  human  ptesence  and  three  missions  to  Man.  The  FuU  Science 
program  not  only  meets  the  President's  SEI  objectives  bu,  also  provides  for  long 
bases  for  far-ranging  surface  exploration.  The  Setdement/Industriahzation  program 
accomplishes  the  objectives  of  the  Minimum  and  Full  Science  program  scales  and 
additionally  mtums  practical  benefits  to  Eanh.  These  models  were  developed  using  the 
three  architecture  levels  described  in  die  Boeing  manifest  worksheets.  Total  cos,  for  eac 
system  are  tabulated  by  year  and  each  year's  totals  feed  into  a summary  sheet  tiia,  calculate 
the  total  program  cos,  for  each  level.  Since  die  LCCM  results  are  mission  related,  no,  jus, 
vehicle  related,  they  are  not  provided  here  bu,  are  available  in  the  Final  Report  Cost  ata 
Book  The  LCCM  was  developed  using  Microsoft  Excel  version  2.2  for  e acin  os 
computer.  Any  Macintosh  equipped  with  Excel  2.2  can  be  used  to  execute  the  model. 


Return  On  Investment 

One  of  the  principal  uses  of  the  LCCM  is  to  develop  trades  and  reran,  on  investment  for 
technology  options.  As  shown  in  die  " Costing  Methodology  Flow"  chan,  two  separare 
life  cycle  cos,  models  (which  include  DDT&E  and  production  cos,  data  denved  torn 
parametric  cos.  models  ) must  be  developed  for  each  ROl  case;  a reference,  and  a cas 
utilizing  a technology  option.  The  two  life  cycle  cost  streams  are  separately  entered, .an 
the  ROl  model  is  executed.  The  flow  also  illusnates  tha,  not  aU  of  the  darn  entered  in 
life  cycle  cost  model  is  derived  from  available  costing  software.  Technical  malysis mius 
accompany  this  data.  For  example,  the  number  of  unin  which  must  be  produced  for  the 
DDT&E  program  must  be  determined.  This  is  done  at  the  subsystem  level  based  on 
knowledge  oTpas,  programs,  and  proposed  system/subsystem  tests.  Since  the  RO 
analysis  is  mission  related,  no,  just  vehicle  relaied,  die  data  is  no,  presented  here  bu, 
available  in  the  Final  Report  Costing  Data  Book. 


Results 


A summary  of  the  cos,  data  produced  by  die  PCM  for  die  NTR  vehicle  are  give" , in i the 
"Mars  NTR  PCM  Summary"  and  "Mars  NTR  PCM  Summary  - continued  chans.  The 
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PCM  program  was  used  to  produce  DDT&E  and  production  cost  estimates  for  each  of  our 
reference  Mars  and  lunar  vehicles  to  the  subsystem  level.  The  DDT&E  costs  generated  by 
the  PCM  do  not  include  all  of  the  necessary  hardware  for  the  first  mission  vehicle.  Hence 
all  necessary  additional  units  (prototypes,  test  units,  lab  units,  etc.)  were  added  into  the 
vehicle  cost  buildups  as  shown  in  the  "NTR  Cost  Buildup"  chans  . The  total  DDT&E 
includes  additional  costs  (e.g..  additional  units  in  the  DDT&E  program),  contractor  fees 
and  the  engineering  wrap  factor.  The  total  DDT&E  from  the  cost  buildup  and  the  unit  cost 
from  the  PCM  are  the  primary  vehicle  cost  inputs  to  the  LCC  model. 
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Risk  Analyses 


Risk  analyses  were  conducted  to  develop  an  initial  risk  assessment  for  the  various 
architectures.  This  presentation  of  risk  analysis  results  considers  development  risk,  man- 
rating requirements,  and  several  aspects  of  mission  and  operations  risk. 

Development  Risk 

All  of  the  architectures  and  technologies  investigated  in  this  study  incur  some  degree  of 
development  risk;  none  are  comprised  entirely  of  fully  developed  technology. 
Development  risks  are  correlated  directly  with  technological  uncertainties.  We  identified 
the  following  principal  risks: 

Cryogenics  - High-performance  insulation  systems  involve  a great  many  layers  of  multi- 
layer insulation  (MLI),  and  one  or  more  vapor-cooled  shields.  Analyses  and  experiments 
have  indicated  the  efficacy  of  these,  but  demonstration  that  such  insulation  systems  can  be 
fabricated  at  light  weight,  capable  of  surviving  launch  g and  acoustics  loads,  remains  to  be 
accomplished.  In  addition,  there  are  issues  associated  with  propellant  transfer  and  zero-g 
gauging.  These,  however,  can  be  avoided  for  early  lunar  systems  by  proper  choice  of 
configuration  and  operations,  e.g.  the  tandem-direct  system  recommended  elsewhere  in  this 
report.  This  presents  the  opportunity  to  evolve  these  technologies  with  operations  of  initial 
flight  systems. 

Engines  - There  is  little  risk  of  being  able  to  provide  some  sort  of  cryogenic  engine  for 
lunar  and  Mars  missions.  The  RL-  10  could  be  modified  to  serve  with  little  risk;  deep 
throttling  of  this  engine  has  already  been  demonstrated  on  the  test  stand.  The  risk  of 
developing  more  advanced  engines  is  also  minimal.  An  advanced  development  program  in 
this  area  serves  mainly  to  reduce  development  cost  by  pioneering  the  critical  features  prior 
to  full-scale  development. 

Aerocapture  and  aerobraking  - There  are  six  potential  functions,  given  here  in  approximate 
ascending  order  of  development  risk:  aero  descent  and  landing  of  crew  capsules  returning 
from  the  Moon,  aerocapture  to  low  Earth  orbit  of  returning  reusable  lunar  vehicles,  landing 
of  Mars  excursion  vehicles  from  Mars  orbit,  aero  descent  and  landing  of  crew  capsules 
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returning  from  Mars,  aerocapture  to  low  Earth  orbit  of  returning  Mars  vehicles,  and 
aerocapture  to  Mars  orbit  of  Mars  excursion  and  Mars  transfer  vehicles.  The 
"Development  Risk  Assessment  for  Aerobraldng  by  Function"  chan  provides  a qualitative 
development  risk  comparison  for  these  six  functions. 

Aerocapture  of  vehicles  requires  large  aerobrakes.  For  these  to  be  efficient,  low  mass  per 
unit  area  is  required,  demanding  efficient  structures  made  from  very  high  performance 
materials  as  well  as  efficient,  low  mass  thermal  protection  materials.  By  companson,  the 
crew  capsules  benefit  much  less  from  high  performance  structures  and  TPS. 

Launch  packaging  and  on-orbit  assembly  of  large  aerobrakes  presents  a significant 
development  risk  that  has  not  yet  been  solved  even  in  a conceptual  design  sense.  Existing 
concepts  package  poorly  or  are  difficult  to  assemble  or  both.  While  the  design  challenge 
can  probably  be  met,  aerobrake  assembly  is  a difficult  design  and  development  challenge, 
representing  an  important  area  of  risk. 

Nuclear  thermal  rockets  - The  basic  technology  of  nuclear  thermal  rockets  was  developed 
and  demonstrated  during  the  1960s  and  early  1970s.  The  development  nsk  to  reproduce 
this  technology  is  minimal,  except  in  testing  as  described  below.  Current  studies  are 
recommending  advances  in  engine  performance,  both  in  specific  impulse  (higher  reactor 
temperature)  and  in  thrust-to-weight  ratio  (higher  reactor  power  density).  The  nsks  in 
achieving  these  are  modest  inasmuch  as  performance  targets  can  be  adjusted  to  technology 

performance. 

Reactor  and  engine  tests  during  the  1960s  jetted  hot,  slighdy  radioactive  hydrogen  direcdy 
into  the  atmosphere.  Stricter  environmental  controls  since  that  time  prohibit  discharge  of 
nuclear  engine  effluent  into  the  atmosphere.  Design  and  development  of  full  containment 
test  facilities  presents  a greater  development  risk  than  obtaining  the  needed  performance 
from  nuclear  reactors  and  engines.  Full-  containment  facilities  will  be  required  to  contain  all 
the  hydrogen  effluent,  presumably  oxidize  it  to  water,  and  remove  the  radioaomty. 

Electric  Propulsion  Power  Management  and  Thrusters  - Power  management  and  thrusters 
are  common  to  any  electric  propulsion  power  source  (nuclear,  solar,  or  beamed  power). 
Unique  power  management  development  needs  for  electric  propulsion  are  (1)  minimum 
mass  and  long  life,  (2)  high  power  compared  to  space  experience,  i.e.  megawatts  instead  o 
kilowatts,  (3)  fast  arc  suppression  for  protecdon  of  thrusters.  Minimizing  mass  of  power 
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distribution  leads  to  high  distribution  voltage  and  potential  problems  with  plasma  losses, 
arcing,  and  EMI.  Thus  while  power  management  is  a mature  technology,  the  unique 
requirements  of  electric  propulsion  introduce  a number  of  development  risks  beyond  those 
usually  experienced  in  space  power  systems. 

Electric  thruster  technology  has  been  under  development  since  the  beginning  of  the  space 
program.  Small  thrusters  are  now  operational,  such  as  the  resistance-heat-augmented 
hydrazine  thrusters  on  certain  communications  spacecraft.  Small  arc  and  ion  thrusters  are 
nearing  operational  use  for  satellite  stationkeeping. 

Space  transfer  demands  on  electric  propulsion  performance  place  a premium  on  high  power 
in  the  jet  per  unit  mass  of  electric  propulsion  system.  This  in  turn  places  a premium  on 
thruster  efficiency;  power  in  the  jet,  not  electrical  power,  propels  spaceships.  Space 

transfer  electric  propulsion  also  requires  specific  impulse  in  the  range  5000  to  10,000 

) 

seconds.  Only  ion  thrusters  and  magnetoplasmadynamic  (MPD)  arc  thrusters  can  deliver 
this  performance.  Ion  thrusters  have  acceptable  efficiency  but  relatively  low  power  per  unit 
of  ion  beam  emitting  area.  MPD  thruster  technology  can  deliver  the  needed  Isp  with  high 
power  per  thruster,  but  has  not  yet  reached  efficiencies  of  interest.  Circular  ion  thrusters 
have  been  built  up  to  50  cm  diameter,  with  spherical  segment  ion  beam  grids.  These  can 
absorb  on  the  order  of  50  kWe  each.  A 10  MWe  system  would  need  200  operating 
thrusters.  The  development  alternatives  all  have  significant  risk:  (1)  Advance  the  state  of 
the  an  of  MPD  thrusters  to  achieve  high  efficiency;  (2)  Develop  propulsion  systems  with 
large  numbers  of  thrusters  and  control  systems;  or  (3)  Advance  the  state  of  the  an  of  ion 
thrusters  to  much  larger  size  per  thruster. 

Nuclear  power  for  electric  propulsion  - Space  power  reactor  technology  now  under 
development  (SP-100)  may  be  adequate;  needed  advances  are  modest.  Advanced  power 
conversion  systems  are  required  to  obtain  power- to-mass  ratios  of  interest.  The  SP- 100 
baseline  is  thermoelectric,  which  has  no  hope  of  meeting  propulsion  system  performance 
needs.  The  most  likely  candidates  are  the  closed  Brayton  (gas)  cycle  and  the  potassium 
Rankine  (liquid/vapor)  cycle.  (Potassium  provides  the  best  match  of  liquid/vapor  fluid 
properties  to  desired  cycle  temperatures.)  Stirling  cycle,  thermionics,  and  a high- 
temperature  thermally-driven  fuel  cell  are  possibilities.  The  basic  technology  for  Brayton 
and  Rankine  cycles  are  mature;  both  are  in  widespread  industrial  use.  Prototype  space 
power  Brayton  and  Rankine  turbines  have  run  successfully  for  thousands  of  hours  in 
laboratories.  The  development  risk  here  is  that  these  are  very  complex  systems;  there  is  no 
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experience  base  for  coupling  a space  power  reactor  to  a dynamic  power  conversion  cycle, 
there  is  no  space  power  experience  base  at  the  power  levels  needed;  and  these  systems,  at 
power  levels  of  interest  for  SEI  space  transfer  application,  are  large  enough  to  require  in- 
space assembly  and  checkout  Space  welding  will  be  required  for  fluid  systems  assembly. 

Solar  power  for  space  transfer  propulsion  - Solar  power  systems  for  space  propulsion  must 
attain  much  higher  power-to-mass  ratios  than  heretofore  achieved.  This  implies  a 
combination  of  advanced  solar  cells,  probably  multi-band-gap,  and  lightweight  structural 
support  systems.  Required  array  areas  are  very  large.  Low-cost  arrays,  e.g.  $ 100/watt, 
are  necessary  for  affordable  system  costs,  and  automated  construction  of  the  large  area 
structures,  arrays,  and  power  distribution  systems  appears  also  necessary.  Where  the 
nuclear  electric  systems  are  high  development  risk  because  of  complexity  and  the  lack  of 
experience  base  at  relevant  power  levels  and  with  the  space  power  conversion  technologies, 
most  of  the  solar  power  risk  appears  as  technology  advancement  risk.  If  the  technology 
advancements  can  be  demonstrated,  development  risk  appears  moderate. 

Avionics  and  software  - Avionics  and  software  requirements  for  space  transfer  systems  are 
generally  within  the  state  of  the  art.  New  capability  needs  are  mainly  in  the  area  of  vehicle 
and  subsystem  health  monitoring.  This  is  in  part  an  integration  problem,  but  new 
techniques  such  as  expert  and  neural  systems  are  likely  to  play  an  important  role. 

An  important  factor  in  avionics  and  software  development  is  that  several  vehicle  elements 
having  similar  requirements  will  be  developed,  some  concurrently.  A major  reduction  in 
cost  and  integration  risk  for  avionics  can  be  achieved  by  advanced  development  of  a 
"standard"  avionics  and  software  suite,  from  which  all  vehicle  elements  would  depart. 

Further  significant  cost  savings  are  expected  from  advancements  in  software  development 
methods  and  environments. 

Environmental  Control  and  Life  Support  (ECLS)  - The  main  development  nsk  in  ECLS  is 
for  the  Mars  transfer  habitat  system.  Other  SEI  space  transfer  systems  have  short  enough 
operating  durations  that  shuttle  and  Space  Station  Freedom  ECLS  system  derivatives  will 
be  adequate.  The  Mars  transfer  requirement  is  for  a highly  closed  physio-chemical  system 
capable  of  3 years'  safe  and  dependable  operation  without  resupply  from  Earth.  The 
development  risk  arises  from  the  necessity  to  demonstrate  long  life  operation  with  high 
confidence;  this  may  be  expensive  in  cost  and  development  schedule. 
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Man-Rating  Approach 


Man-rating  includes  three  elements:  (1)  Design  of  systems  to  manned  flight  failure  tolerance 
standards,  (2)  Qualification  of  subsystems  according  to  normal  man-rating  requirements, 
and  (3)  Right  demonstration  of  critical  performance  capabilities  and  functions  pnor  to 
placing  crews  at  risk.  Several  briefing  charts  follow:  the  first  summarizes  a recommended 
approach  and  lists  the  subsystems  and  elements  for  which  man-rating  is  needed, 
subsequent  charts  present  recommended  man-rating  plans. 

Mission  and  Operations  Risk 

These  risk  categories  include  Earth  launch,  space  assembly  and  orbital  launch,  launch 
windows,  mission  risk,  and  mitigation  of  ionizing  radiation  and  zero-g  risks. 

Earth  launch  - The  Earth  launch  risk  to  in-space  transportation  is  the  risk  of  losing  a 
payload  because  of  a launch  failure.  Assembly  sequences  are  arranged  to  minimize  the 
impact  of  a loss,  and  schedules  include  allowances  for  one  make-up  launch  each  mission 

opportunity. 

Assembly  and  Orbital  Launch  Operations  - Four  sub-areas  are  covered:  assembly,  test  and 
on-orbit  checkout,  debris,  and  inadvertent  re-entry. 

Assembly  operations  risk  is  reduced  by  verifying  interfaces  on  the  ground  prior  to  launch 
of  elements.  Assembly  operations  equipment  such  as  robot  arms  and  manipulators  will 
undergo  space  testing  at  the  node  to  qualify  critical  capabilities  and  performance  pnor  to 
initiating  assembly  operations  on  an  actual  vehicle. 

Assembly  risk  varies  widely  with  space  transfer  technology.  Nuclear  thermal  rocket 
vehicles  appear  to  pose  minimum  assembly  risk;  cryo/aerobraking  are  intermediate,  and 
nuclear  and  solar  electric  systems  pose  the  highest  risk. 

Test  and  on-orbit  checkout  must  deal  with  consequences  of  test  failures  and  equipment 
failures.  This  risk  is  difficult  to  quantify  with  the  present  state  of  knowledge.  Indications 
are:  (1)  large  space  transfer  systems  will  experience  several  failures  or  anomalies  per  day. 
Dealing  with  failures  and  anomalies  must  be  a routine,  not  exceptional,  part  of  the 
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operations  or  the  operations  will  not  be  able  to  launch  space  transfer  systems  from  orbit;  (2) 
vehicles  must  have  highly  capable  self-test  systems  and  must  be  designed  for  repair, 
remove  and  replace  by  robotics  where  possible  and  for  ease  of  repair  by  people  where 
robotics  cannot  do  the  job;  (3)  test  and  on-orbit  checkout  will  run  concurrently  with 
propellant  loading  and  launch  countdowns.  These  cannot  take  place  on  Space  Station 
Freedom.  Since  the  most  difficult  part  of  the  assembly,  test  and  checkout  job  must  take 
place  off  Space  Station  Freedom  the  rest  of  the  job  probably  should  also. 

Orbital  debris  presents  risk  to  on-orbit  operations.  Probabilities  of  collision  are  large  for 
SEI-class  space  transfer  systems  in  low  Earth  orbit  for  typical  durations  of  a year  or  more. 
Shielding  is  mandatory.  The  shielding  should  be  designed  to  be  removed  before  orbital 
launch  and  used  again  on  the  next  assembly  project. 

Creation  of  debris  must  also  be  dealt  with.  This  means  that  (1)  debris  shielding  should  be 
designed  to  minimize  creation  of  additional  debris,  especially  particles  of  dangerous  size, 
and  (2)  operations  need  to  be  rigorously  controlled  to  prevent  an  inadvertent  loss  of  tools 
and  equipment  that  will  become  a debris  hazard. 

Inadvertent  re-entry  is  a low  but  possible  risk.  Some  of  the  systems,  especially  electric 
propulsion  systems,  can  have  very  low  ballistic  coefficient  and  therefore  rapid  orbital  decay 
rate.  Any  of  the  SEI  space  transfer  systems  will  have  moderately  low  ballistic  coefficient 
when  not  loaded  with  propellant.  While  design  details  are  not  far  enough  along  to  make  a 
quantitative  assessment,  parts  of  these  vehicles  would  probably  survive  reentry  to  become 
ground  impact  hazards  in  case  of  inadvertent  reentry.  For  nuclear  systems,  it  will  be 
necessary  to  provide  special  support  systems  and  infrastructure  to  drive  the  probability  of 
inadvertent  reentry  to  extremely  low  levels. 

Launch  Windows  - Launch  windows  for  single-bum  high-thrust  departures  from  low  Earth 
orbit  are  no  more  than  a few  days  because  regression  of  the  parking  orbit  line  of  nodes 
causes  relatively  rapid  misalignment  of  the  orbit  plane  and  departure  vector.  For  lunar 
missions,  windows  recur  at  about  9-day  intervals. 

For  Mars,  the  recurrence  is  less  frequent,  and  the  interplanetary  window  only  lasts  30  to  60 
days.  It  is  important  to  enable  Mars  launch  from  orbit  during  the  entire  interplanetary 
window.  Three-impulse  Mars  departures  make  this  possible;  a plane  change  at  apogee  of 
the  intermediate  parking  orbit  provides  alignment  with  the  departure  vector.  Further 
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analysis  of  the  three-bum  scheme  is  needed  to  assess  penalties  and  identify  circumstances 
where  it  does  not  work. 

Launch  window  problems  are  generally  minimal  for  low-thrust  (electric  propulsion) 
systems. 

Mission  Risk  - Comparative  mission  risk  was  analyzed  by  building  risk  trees  and 
performing  semi-quantitative  analysis.  The  next  chart  presents  a comparison  of  several 
mission  modes;  after  that  are  the  risk  trees  for  these  modes. 

Ionizing  Radiations  and  Zero  G - The  threat  from  ionizing  radiations  is  presented  elsewhere 
in  this  document.  Presented  here  are  the  mitigating  strategies  for  ionizing  radiations  and 
zero  g. 

Nuclear  systems  operations  present  little  risk  to  flight  crews.  Studies  by  University  of 
Texas  at  Austin  showed  that  radiation  dose  to  a space  station  crew  from  departing  nuclear 
vehicles  is  very  small  provided  that  sensible  launch  and  flight  strategies  are  used.  On- 
board crews  are  protected  by  suitable  shielding  and  by  arrangement  of  the  vehicle,  i.e. 
hardware  and  propellant  between  reactors  and  the  crew  and  adequate  separation  distances. 
After  nuclear  engines  are  shut  off,  radiation  levels  drop  rapidly  so  that  maneuvers  such  as 
departure  or  return  of  a Mars  excursion  vehicle  are  not  a problem.  On-orbit  operations 
around  a returned  nuclear  vehicle  are  deferred  until  a month  or  two  after  shutdown,  by 
which  time  radioactivity  of  the  engine  is  greatly  reduced. 

Reactor  disposal  has  not  been  completely  studied.  Options  include  solar  system  escape  and 
parking  in  stable  heliocentric  orbits  between  Earth  and  Venus. 

Crew  radiation  dose  abatement  employs  "storm  shelters"  for  solar  flares,  and  either  added 
shielding  of  the  entire  vehicle  or  fast  transfers  (or  both)  to  reduce  galactic  cosmic  ray 
exposure.  Assessments  are  in  progress;  tradeoffs  of  shielding  versus  fast  trips  have  yet  to 
be  completed.  Expected  impact  for  lunar  missions  is  negligible  and  for  Mars  missions, 
modest. 
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NTR  Development  Program 
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Aerobraking  Major  Test/Demo  Man-Rating  Approach 
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Advanced  Auxiliary  Propulsion  Man-Rating  Approach 
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SPACE  TRANSFER  CONCEPTS  AND  ANALYSIS  FOR  EXPLORATION  MISSIONS 
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SPACE  TRANSFER  CONCEPTS  AND  ANALYSIS  FOR  EXPLORATION  MISSIONS 
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Boeing  Parametric  Cost  Model  (PCM) 


Support  Cost  Factors  • PCM  estimates  improve  with  increasing 

- Systems  Engineering  hardware  detail. 
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NTR  Cost  buildup 
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Development  Risk  Assessment  For  Aerobraking  By  Function 


\%  Zc  < 

^ C Csi  * 

< 2 

ft.  cn  — £ 

k^2c  ? 

UZtf  fa:  « 

< w ft.  ss  2 

r A 


u 

•<S 

< 

< 

* 

a w 

a c 

i 

CJ 

.S 

% 

. 1 

soft*  3 

ul 

3 

u— 

3 

i 

•=  H y T= 
*■  **  C cj 

0> 

4J 

>»  £ C8  -a 

«■* 

U U 

« 

a 

4/  ,3  ^ 4> 

55 

35 

> l a - 

« *- 

£ g 

sgi 

w-3 
*■  « c 

^ SR  « -3 


CD 

C. 

c 

.£  « « 

2 § s 

S </3  w 
#.  C <y 
_C  c/5  ^ — 


u£  > S > § 

« « ~ 2 Sues 


« s 

> l a 


_ 35 

ei  2 

es  H 

V C3 

£ S 

xS 

M - 

E-  ..£ 

■5,  *&  2 3 

W > . , 

r;  « w 

• = 2 Si 

a?* 

2*  U Be! 

CZZ 

HUw 

> > U-o  a 

®il  >. 
Uar 

ax£ 
= m < 

A M ' 

if 

w _ — 
<W  y 

*5i2 

1" 

if  ^ 

s a 

IS 

s ^ 

* 

o 

o 

sa 

“3  ** 
o <j 
“■  cj 

► 

So.E 

*S2 
^ « 
i| 

A 

3 

e£ 

11 

1 « 

S 

^ u 

zp 

IS 

oT 

if 

W .M 

C-> 

1s= 

55  S"  ^ 

c£2 

SCU 

**  U 
0)  <y 

n 2 

L.  S 

r 

a;  2 

« £ 
u 3 

1! 

t « 

2 2 
s«3 

« £ 
u 3 

3 

^ r 

hZZ 
<*  = 

5 >- 

CJ  p 

< -3 

W M 
< X 

u OJ 

3 cj 
C c 
C.  3 

y o£ 
< S « 

gsa 

< X 

C 

£ 3 

r^i 

>1 

C/5 

O 

>i 

s 

U 

cn 

v 

u 

s 

35 

C=2 

* 

< 

a 

<3 

5 3 

-T  u 

<y  a. 

” yj  — 

2 2-S 

CJ  X S 

U 

If 

a 

C3 

3 -. 
e w 
= 3 

« u 
“5  3 

0)  3 

511  s 

u ^ 

If 

cT  p 
3X  3 

i n 
j i 

*A 

?3  ^ 

if 

1 is 

S 2 1 

r « 

« V5 

M C5 

E 3 

C«  u 

3 c« 

a a 

D615- 10026-3 


